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Abstract

This study produced an image processing algorithm
development tool on a VAX computer system using the recent
advances in an Image Algebra developed by G. Ritter et al at
the University of Florida. The image algebra provides the
basis for a hardware and software independent environment for
the expression of practically all image processing algorithms.

The goals of this project were twofold. The first goal
was the implementation of the image algebra operators in a
high level language to achieve hardware independence. The
second goal was the design and implementation of a flexible
preprocessor that could translate image processing algorithms,
written in the image algebra language, into a high level
computer language which could be compiled and executed on the
VAX computer.

The implementation was achieved in tte PASCAL computer
language. All of the basic image algebra operators and the
preprocessor were successfully programmed on the VAX computer,
but a complete software independence of the image algebra was
not achieved. This version also produces very large blocks of
executable code for relatively simple algorithms.

Examples of the power and simplicity of the image algebra

langauge and preprocessor environment are included.

vii
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o A_PASCAL IMPLEMENTATION OF THE IMAGE ALGEBRA

I. Introduction

Background

Developers of image processing algorithms in military,
industrial, and academic organizations have built large
computer programs to facilitate their development work. Each
program is the result of a constant evolution of image
processing operations within each organization. Unfortunately,

[}

in the process of building excellent "in-house” development
tools, each organization has created an image processing
environment different from every other. Some image processing
operations are unique to one environment while others may be
o
common to a number of environments. But, since there is no
common mathematical basis for all of these operations, it is
often impossible to analyze and compare one environment with
another.
This situation creates two major problems for the
customers of image processing software, especially for the

Department of Defense: (1) increased costs through funding of

research and development in several organizations separately

producing similar or identical processes, and (2) difficulty

in analyzing and comparing the performance of competing

algorithms (1:1-2).
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Realizing this situation would create incompatibility and
unnecessary confusion between competing automatic target
recognition (ATR) algorithms, the Air Force Armament
Laboratory {(AFATL) at Eglin AFB, Florida contracted the
University of Florida to develop an Image Algebra (IA). The
goal the Image Algebra Project is

...the development of a complete, unified algebraic
structure that provides a common mathematical envi-
ronment for image algorithm development, optimization,
comparison, coding, and performance evaluation. (1:2)

The primary goal of the AFATL was a concise mathematical
structure for representing image transformations that was
simple to learn yet powerful enough to perform any image
processing operation. Toward this goal, the AFATL outlined a
number of desirable properties that a useful image algebra
should possess. These properties guided the development of
the image algebra (1:3-4):

1. Basic operations that can model any image.

2. Elemental operations that can be combined to

express any gray level image transformation.

3. Elemental operations that are few, simple, and

easily learned by potential users.

4, Theorems that enable the simplification and

optimization of algorithms through the use of

identities involving the operators.

5. Notation that provides an understanding of image

manipulations and is capable of suggesting new

techniques.

6. Notation that allows programming languages to

substitute concise image algebraic expressiocns for

large blocks of code.

7. Notation that allows the use of libraries of

image transformations.

8. Machine and language independence.

9. Compatibility with both sequential and massively
parallel processors.
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The result of this work by the University of Florida is
an algebraic structure consisting of two operands, images and
templates, and eight binary operators. Operations may occur
between two images, an image and a template, or two templates.
The result of these operations may be ~n image, a template, or

a scalar.

Problem

The task of this thesis project is to implement the image
algebra, as conceived by the University of Florida, on the VAX
11/780 located at the Air Force Institute of Technology. The
implementation is to preserve the desirable properties of the
image algebra outlined by AFATL and listed above. Consistency
between the Air Force Institute of Technology image algebra
(AFITIA) and the University of Florida image algebra (UFIA) is

to be maintained.

Scope

The description of the image algebra continues to evolve
at the University of Florida. Consequently, this project will
not reflect the more recent changes to the structure. This
im} ementation is based upon the description of the image

algebra in the Image Algebra Tutorial and in the Final Report

from Phase I of the Image Algebra Project (1,2).

This implementation is accomplished in the PASCAL

computer language due to its availability and the experience
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of the author. All of the PASCAL source code listed in the
appendices was originally developed in TurboPascal (3),
translated to VAX PASCAL (4), and ported to the VAX 11/780 at

the Air Force Institute of Technology (AFIT).

General Approach

The general approach taken in this thesis project is the
development of a computer program from the bottom up. This is
contrary to accepted program development methods but it is
desirable in this case. Consistency between the operands and
operators of the UFIA description and AFITIA implementation is
a primary concern in this project. Consequently, an
implementation driven by the structure of the low level
operands and operators is preferable.

The first task involves implementing the image algebra
(IA) operands in PASCAL data structures and translating the IA
operators to PASCAL procedures and functions. Based upon this
design, the next task is the programming of an IA preprocessor
that translates an IA description of any image processing
operation into PASCAL source code for subsequent compilation.

The final task is to install the image algebra routines and

preprocessor into an environment on the VAX that allows a user o
P A
N B

to quickly implement any image processing operation. }ﬁ.
e’
-
-

5 5 A
x| |

,l
¥ |

2

5 P

e
PN
PPN

p—t
|

K.
.

A
) T TN

S

St

’ ‘.'

ed

A




Sequence of Presentation

The following report is divided into four major sections.
Section II defines the basic operands and operators of the
image algebra. Section III discusses the design of a general
implementation of the image algebra to achieve a useful image
processing development tool. Section IV covers the major part
of this project: the design and implementation of an image
algebra at AFIT. Section V compares three different image
| processing algorithms implemented in both PASCAL source code
and the image algebra language. Finally, Section VI contains
some general remarks on the accomplishments of this project
and suggests some follow up projects. The appendices contain

the source code to all of the AFIT image algebra programs.
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&3& II. Image Algebra ;f
After studying the underlying operations of hundreds of ?
existing image processing algorithms, the University of 'ﬁ
Florida investigators determined all of these routines could af
be performed with a small set of operands and operators. In Eé
fact, they proved this set of operands and operators, in SE
conjunction with a programming language such as FORTRAN, is ‘f
sufficient to perform any image-to-image transformation (1:48- §>
62). This implies the image algebra operands and operators é-
can be used to program all image transformations. =
The next sections describe the image algebra operands, :Er
operators, and notation as developed by the University of E;
Florida. These sections provide the reader with enough }.
‘ background to understand the subsequent sections of this *_;
report. The reader is directed to the Image Algebra Tutorial Sa
for a more complete mathematical description of the operands t
and operators (1:9-39). éf
N
Image Algebra Operands ;;

The UFIA description contains six explicit operands: the
set of real numbers, the set of complex numbers, any finite
subset of k-dimensional space called X, the power set on X,
the set of all images on X, and the set of templates on X.

(1:6) Although these s8ix operands completely define a
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heterogeneous algebra, there are only two operands of primary :"-4.
E:J interest in this project: images and templates. ':
Images are multiple dimension arrays of arbitrary t:
integral size and may be integer, real, or complex valued. ._,’.S,‘
oot
The points in images are referred to as pixels and each pixel Ef

in the array hags a unique spatial identifier. In common image o
NN
; processing tasks, images represent two dimensional arrays of \:,:f;;
gray values describing scenes collected from vidicons, laser E..;
rangefinders, synthetic aperture radar, infrared imagers, or ‘._
other sensing devices. \-‘-":
o

Images in the UFIA are denoted with capital letters from ::':

N

the beginning of the alphabet such as A, B, or C. Arbitrary s
pixels in n-dimensional images are depicted with n-dimensional -’»{
S
vectors such as k. That is, an arbitrary pixel in image A is :':
b denoted A(k). The gray level at a particular image pixel is S
depicted with a lower case letter of the image designator: E:E
a(k) represents the gray level at pixel k in image A (1:9). _Eg
To perform many image processing tasks, it must be ~.,
possible to selectively choose and weight image pixels within f{é

K4

small neighborhoods. The image algebra provides templates for ::E::-
this job. Templates, sometimes called windows or masks, are phen
multiple dimension arrays of integral size and may be integer, :\:\
real, or complex valued. Templates may be of arbitrary size E\.EE
and configuration but they are usually much smaller than '\(
images. Image algebra templates consist of two elements: E'.-
Y
2

2-2
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(a) x x

{b) (¢c) (d) (e)

Figure 2.1 : Examples of Image Algebra Templates

(1) a configuration of pixels, and (2) a weight at each pixel
in the configuration. The template configuration describes
the relative orientation of all template pixels where the
center pixel is commonly defined as the origin. The center
pixel can be defined as any pixel in the configuration: it is
not necessarily the physical center of the configuration.
Only pixels in the template configuration may have non-zero
values; any pixel not in the configuration has zero weight
(1:23). Some examples of two dimensional templates are shown
in Figure 2.1. The center of each template is marked with
asterisks. For the purposes of the UFIA and this report, some
of the template configurations have special names: Figure
2.1(a) is a horizontal template of size five, 2.1(d) is a
vertical template of size five, 2.1(b) is a three-by-three
Moore template (2:152), and 2.1(c) is a Von Neumann template

of radius one (2:152).
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s; The UFIA template notation is similar to the UFIA image
‘Sj ta; notation. Templates are denoted with capital letters from the
I end of the alphabet such as R, S, or T. Arbitrary pixels in
éﬁ m-dimensional templates are depicted with m-dimensional
tf‘ vectors such as y. For example, arbitrary pixel locations in
& template S are denoted by S(y). The weight of a template
gi pixel is represented by a lower case letter of the template
;E designator: s(y) denotes the weight at pixel y in template S
(1:23).
e
E? There are two types of templates defined by the UFIA:
;é variant and invariant. Variant templates may alter the
n weights of their pixels depending upon the location of the
E; template in an image; that is, the pixel weights in variant
S
:ﬁ templates are functions of the template position in an image.
. ‘2? As the name implies, invariant templates are not allowed to
Z: alter their pixel weights during any operation with an image.
o,
Yo
ﬁ; Image Algebra Operations
';: Due to various combinations of the two operands and eight
ia operators of the image algebra, there are fourteen elemental
ﬁa operations as described by the University of Florida. The
:3 result of these operations can be an image, a template, or a
Eé scalar. There are unary and binary operations on both images
\j and templates and binary operations between images and
’ﬁﬁ templates, but these fourteen operations are not necessarily
.
EE the only ones supported by the image algebra. According to
Y
S AESAN
35 \:? 2-4
)
\-
v
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the University of Florida,

In general, all elementary functions supported
by all the common higher level languages such as
FORTRAN, PASCAL, etc. (i.e. sine, cosine, logs, expo-
nential, etc.), are accepted operations of the image
algebra. (5:15)

Figure 2.2 shows the names, notation, and mathematical
description of the fourteen elemental operations in the image
algebra. The vector k represents arbitrary pixels in an n-
dimensional image, and the vectors x, y, and 2z represent
arbitrary pixels in their associated m-dimensional templates.
The ordered pair (k,c(k)) represents an arbitrary image pixel

and its associated gray value in the image C. Similarly, the

ordered pair (z,t(z)) represents an arbitrary template pixel

and its associated weight in template T. The zero vector, 0,
denotes the center pixel of a template. In the dot product
operation, f is a scalar. The union of two images (A U B) or

two templates (R U S) is defined as the image or template
resulting from the union of all of the image or template
pixels in the two images or templates. The intersection of
two images (A N B) or templates (R N S) is defined as the
image or template resulting from the intersection of all of

the image or template pixels in the two images or templates.

Image-Image Operations. There are five elemental binary
operations between images called image-image operations. Four

of these operations (addition, multiplication, maximum, and

exponentiation) result in another image. These operations are
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Image-Image Operations 8:
operation notation mathematical description
addition C=A+B = ((k,clk)) : ctk) = al(k) + b(k) )
where C is defined for A U B K
multiplication C = A £ B = ((k,c(k)) : c(k) = a(k) * b(k) } Y
where C is defined for A n B o
maximum C=Av B = {((kycelk)) : c(k) = max[a(k),b(k)] } NS
where C is defined for A U B .
exponentiation C = A %%B = {(k,c(k)) : c(k) = a(k) ** b(k) } .
where C is defined for A n B
dot product f = A .- B = { f : f = £ a(k)b(k) }

where C 1is deflned for AN B

Image-Template Operations

<
l‘..

operation notation mathematical description 3{
circle-plus C=A®R = {(k,e(k)) : c(k) = £ a(k+x)*r(x) } ti
where C is defined for A(k) n R(0) ‘?V
circle-maximum C = A @ R = {(k,c(k)) : c(k) =max[a(k+x)*r(x)]} e
where C is defined for A(k) n R(0) 2
square-maximum C = A & R = {(k,c(k)) : c(k) =max[a(k+x)+r(x)]} "
where C is defined for A(k) n R(0) e
Fagta
-t ad
2%
Template-Template Operations ?};
operation notation mathematical description
addition T =R+ S = {((z,t(2)) : t(z) = r(z) + s(z); }
where T is defined for R U S
multiplication T = R ¥ S = ((z,t(2z)) : t(z) = r(z) % s(z) }
where T is defined for R n S
maximum T =R +v S = {(z,t(z)) : t(z) = max[r(z),s(z)] }
where T is deflned for R U S
circle-plus T=R&S = {(z,t(z)) t(z) = £ r(x)*s(y) )
where 2=x+y and T is defined for R(0) U S{(y)
circle-maximum T = R ® S = {(z,t(2z)) : t(z) = max[r(x)*s{(y)] } RO
where z=x+y and T is defined for R(0) U S(y) N
square-maximum T = R ® S = {(z,t(2z)) : t(z) = max[{r(x)+s(y)] ) —
where z=x+y and T is defined for R(0) U S{(y) ~
e
Figure 2.2: Image Algebra Elemental Binary Operations ;;{
S
o
-« -'1
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21 22 23 24 25 21 22 23 24 25
31 32 33 34 35 31 32 33 34 35
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51 52 53 54 55 51 52 53 54 55

Figure 2.3: Example of Image-Image Operations

performed on a pixel-to-pixel basis: a pixel of one image is
added, multiplied, maximized, or exponentially multiplied with
its spatially corresponding pixel in another image(1:12). For
example, Figure 2.3 shows two images, A and B, of dimension
5x5. If addition (C = A + B) is performed on the two images,
the resulting image is the sum of the two images at each pixel

location: C(11) = A{11) + B{(11), C(12) = A(12) + B(1i2), ...,

C(55) = A(55) + B(55). Similarly, the image resulting from
the maximum operation {C = A v B) on these two images would
be: C(11) = max{A(11),B(11)}, C(12) = max{A(12),B(12))},...,
C(55) = max(A(55),B(55)}. Multiplication and exponentiation

are analogous operations.

The fifth elemental binary operation is the dot (inner)
product. The result of this operation is a scalar, and it
provides the image algebra with a method of mapping images to

the real numbers. This operation is a sum of the product of
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spatially corresponding pixels in two images. Using the two

;S5- images from Figure 2.3, the result = A(11)%B(11) + A(12)3B(12)
+ ... + A(55)%B(55).
These five elemental image operations can be used to
define other operations between images such 18 subtraction,

division, and minimum (1:13).

Image-Template Operations. There are three elemental

binary operations between an image and a template called
image-template operations: circle-plus, circle-maximum, and
square-maximum. The result of these operations is an image.
Each pixel of the resultant image is a weighted function of
the original image pixel and its neighbors delimited by the
template configuration centered on this pixel (1:28). All
template pixels that lay outside of the image boundaries at
‘ any image pixel are ignored.

The circle-plus operation performs a convolution: each
pixel is the sum of the products of template pixels and image
pixels delimited by the template configuration centered over
the image pixel (1:28). For example, Figure 2.4 shows an
image A of dimension 5x5 and template Y of dimension 3x3 with
its center defined as y(5). If the circle-plus operation is
performed between this image and template, one calculation of

the operation is performed on the image pixel at row 3, column

4, shown as pixel A(34) in the figure. For the calculation at

this pixel, template Y is overlaid on image A with the center
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Image A Template Y

g 11 | 12 | 13 | 14 | 15 1| 2| 3
21 | 22 | 23 | 24 | 25 4 [+ 58| 6
31 | 32 | 33 | 34 | 35 7| 8| 9

41 42 43 44 45

51 52 53 54 55

Figure 2.4: Example of Image-Template Operations

of the template, y(5), centered over pixel A(34). The

operation computes the sum of the products of each template

pixel and the image pixel it overlays. In this case, A(34) =

y(1)*A(23) + y(2)%A(24) + y(3)*A(25) + y(4)*A(33)+ y(5)*A(34)

+ y(6)%A(35) + y(7)%A(43) + y(8)*xA(44) + y(9)*A(45). This

calculation is repeated for each image pixel to complete the
(ii entire circle-plus operation.

With the circle-maximum operator, each image pixel x is
replaced with the maximum product of image pixel gray values
within the neighborhood of x (defined by the template centered
over x) and the template pixel weights that overlay each image
pixel. With the square-maximum operator, each image pixel x
is replaced with the maximum sum of image pixel gray values
within the neighborhood of x (defined by the template centered
over x) and the template pixel weights that overlay each image

pixel. (1:28)
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The circle-maximum and square-maximum operators can both
Hg, perform gray level dilation depending upon the weights of the
template. By choosing a template of unity weight for the
circle-maximum operation and a template of zero weight for the
square-maximum operation, a gray level dilation is performed.
Figure 2.5(c) shows the result of dilating the image in 2.5(a)
with the square-maximum operator and template shown in 2.5(b).
As an example of the intermediate calculations in the square
maximum operation, the template is shown centered over two
pixels in 2.5(a). The result of the square-maximum operation
for these two pixels, the maximum value after summing each
template weight with the image pixel it overlays, is shown in
2.5{(c).
These three elemental image-template operations can be
. used to define other operations between images and templates
such as circle-minimum and square-minimum.

Template-Template Operations. There are s8ix elemental

binary operations between two templates called template-
template operations: addition, multiplication, maximum,

circle-plus, circle-maximum, and square-maximum. These

operations are similar to their image-image and image-template
counterparts; the major difference is the region over which
the operations are defined. Addition and maximum operations
are defined over the union of the two template configurations,

but multiplication is defined only over the intersection of
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Example of Gray Level Dilation
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1 2 [*3x| 4 5
1
template S
2 |%3x| 4
5 12 13 14 15 16
template R 21 22 23 |x24x) 25 26 27
32 33 34 35 36

template T
Figure 2.6: Template Configuration Resulting from
T = R(+)S, R(v)S, or R[V]S
the two templates. Circle-plus, circle-maximum, and square-
maximum operations are defined over the configuration formed by
the union of the pixels of one template centered over all of
the pixels of the other template (1:30). For example, Figure
2.6 shows a Von Neumann template, R, with its center defined as
r(3), and a horizontal template, S, with its center defined as
s(3). The template resulting from the circle-plus, circle-
maximum, and square-maximum operations is shown as template T
with center t(24). Template T is formed by the union of the
configurations constructed by overlaying the center pixel of
template R on each pixel of template S: T(x) = R(0Q0) U S(y). In
this example, the pixels at t(21), t(12), t(22), t(32), and
t(23) are the result of pixels r(1) through r(5) when template
R is centered at pixel s(1l)}.
The computation of the resultant weights in template T

under the operations of addition, multiplication, and maximum

2-12
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is simple. Since template addition and maximization are

t;& performed over the union of the two templates, the resulting
template is the addition or maximum of pixels from each
template with the same configuration coordinates. Template
multiplication is performed over the intersection of the two
templates: each resulting pixel is the product of a pixel from
each template with the same configuration coordinates (1:25).
Recall that template pixels outside the configuration have
weights of zero.

The computation of template T resulting from the circle-
plus, circle-maximum, and square-maximum operations between
templates R and S is more difficult. Conceptually, template T
is the result of two operations between the operand templates R
and S. First, the template T configuration is computed from
the union of template R centered over each cell of template S,
as discussed above. Second, the weight of each cell in the
configuration of template T is computed. For convenience,
designate each cell of templates R, S, and T as R(ri,rj),
S{(si,sj), and T(ti,tj) respectively, where (ri,rj), (si,s)),
and (ti,t)j) denote the cell's offset from the center of the
template. The center is designated R(0,0), S(0,0), and T{0,0).

Thus, the weight of each cell in T can be computed as follows

for each elemental operation:
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(1) circle-plus: T(ti,tj) = L [R(ri,rj)*S(si,sj)] where

(ti,tj) = (ri+si,rj+sj) and R(0,0) is centered over
S(si,sj)

(2) circle-maximum: T(ti,tj) = max(R(ri,rj)%*S{(si,sj)]
where (ti,tj) = (ri+si,rj+sj) and R(0,0) is centered over
S(si,sj)

(3) square-maximum: T(ti,tj) = max[R(ri,rj)+S(si,sj)]}
where (ti,tj) = (ri+si,rj+sj) and R(0,0) is centered over
S(si,sj)

A more rigorous mathematical description of these operations

can be found in the mage Algebra Tutorial (1:30).

These six elemental template operations can be used to F
define other operations between templates such as subtraction,

division, minimum, circle-minimum, and square-minimum (1:25).

Algorithm Optimization

Although the convolution operations between two templates
are complicated and appear useless in real image processing
algorithms, they form a very important part of the IA. These
convolution operators are important for the composition and
decomposition of templates which provide tools for program
optimization. (1:39)

The decomposition of templates can be used to break a
large template into an equivalent set of smaller templates
which yield a decrease in the computation of an expression.

For example, the circle-plus operation can be used to calculate

2-14
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the local average gray level in an image (dimension 256x256)

with a template (dimension 3x3) through C = A @ R. If template

R is decomposed into two smaller templates, S (dimension 3x1)

and T (dimension 1x3), then the average image can be calculated

by C=A®R=A® (S T) = (A& S) & T. This squation shows

a number of methods for calculating the average, each one with
a very different computational load. Since each pixel in C =
A @ R requires the summation of nine products, the entire
operation needs 589,824 multiplications and 524,288 additions.
However, since each pixel in C = (A % S) & T requires the
summation of three products for each circle-plus operation,
this entire operation requires 393,216 multiplications and
262,144 additions. Thus, the second formulation needs 30
percent fewer multiplications and 50 percent fewer additions:

template decomposition can provide algorithm optimization.
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II1I. General Implementation of the Image Algebra

The ultimate goal of the image algebra project is a
standardization of the image processing development tools used
by many different companies and agencies around the country.
Because each organization has a lot of money invested in its
own image processing tools, the only viable way of obtaining
standardization is by convincing each group that the image
algebra is an efficient and powerful development tool.

The image algebra developed by the University of Florida,
and briefly presented in Section II of this report, provides a
strong foundation for an image processing environment that
could become a standard. The mathematical structu-e and small
number of elemental operators allow a user to model any image,
perform any gray level transformation, and optimize algorith-s
through identities without forcing the user through a long
learning process. Additionally, the notation provides an
understanding of the basic operations involved in any image
processing algorithm described with the image algebra.

In essence, the University of Florida has achieved the
first six goals of a desirable image algebra outlined by the
Air Force and discussed in Section 1. They have succeeded in
developing an image algebra that is both powerful and concise.
But, if the image algebra is to become a desirable development

tool, its implementation must retain this power and brevity as
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well as promote a complete image processing environment. The
implementation of the image algebra is as important to its
acceptability as its mathematical structure and power. Thus,
what attributes must the image algebra implementation possess
in order to become a useful and desirable image processing

development tool?

Image Algebra Notation

The implementation of the image algebra notation should
be concise and flexible. Increases in the production of image
processing algorithms can be realized through a notation that
allows programmers to represent complicated operations with
single character operators. 1In addition, the notation must
allow a programmer the flexibility to manipulate the image
algebra operators as if they were ordinary algebraic operators
in a computer program.

The image algebra notation must provide access to the
program statements supported by many high level languages.

Prcgram statements are those structures that provide program

control during execution of the routine. They include
assignment (A=B), conditional branching (if-then-else), and
repetitive looping (for-do, while-do) statements. Because

each computer language supports and implements these program
structures differently, the image algebra notation must
support program statements suitable for translation to any

computer language,
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}\ The implementation should support arbitrary names for
}' {;; image, template, and scalar operands, and program variables.
Operand and variable names should not be limited to certain
:i lengths or certain letters of the alphabet.
E“ The notation must support all of the elemental operations
. of the image algebra, and the computer representation of each
.E operator should closely resemble its written representation.
g
iﬁ A user should be able to enter an image processing algorithm
into a computer exactly as it is written on paper.
N
.;j Computer and Language Independence
Ag One of the objectives of a standardized image algebra
i processing environment is the ability to transfer image
-
i; processing algorithms from one computer system to another
- c;, without (ideally) modification. The purpose of this goal is
- 4 to provide users of the image algebra with the ability to
'EE share image processing routines without forcing everyone to
x enter each algorithm by hand. The preferred method would be
7. tape transfers between computer sites. This goal requires
:; that the image algebra environment be machine and language
'ﬁt independent.
‘f There are three basic approaches for making the image
’ﬁ algebra both machine and language independent. First, require
;t every user of the image algebra to employ identical computer
i; hardware and software. Second, implement the image algebra in
:; a high level language. Third, design a high level language,
s
o
_ﬁ 3-3
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based upon the image algebra notation, that can be translated
to any computer system. Because the ultimate goal of the
image algebra project is standardization of the entire image
processing community, the third method is the most logical
approach.

The first two approaches present problems to wholesale
acceptance of the image algebra. Foremost, it is unlikely
that any organization would significantly modify its large
investment in computer resources to accommodate a new program.
High level languages approach independence, but no high level
language is completely machine independent. Further, a choice
of one language or another will present compatibility problems
to one group or another because they do not use that specific
language.

The key to general acceptance of the image algebra is an
environment that can interface the image algebra description
of an algorithm to the present computer resources of each
organization. This interface would allow the sharing of image
processing routines by translating image algebra descriptions
into a language supported by that organization's computer
system. Subsequent compilation of the translated routine
would allow its execution on the host computer without
modification.

The real benefit of this design is derived through the

flexibility of tailoring the image algebra operations to each
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organization’s computer system while retaining machine and
language independence through the interface. This allows each
organization to optimize the IA operations while maintaining

complete IA language compatibility.

Image Algebra Preprocessor

The interface is provided by a preprocessor that
translates image algebra expressions into equivalent blocks of
~ode in FORTRAN, PASCAL, ADA, or some other language. The

translated code is subsequently compiled and linked with

Y
s e
a :

libraries of image algebra operations into executable modules.

ot e
I3

The requirements for implementing the image algebra with

¥
[]

this type of interface are minimal. Each organization needs

2 % 5!

P

both a high level language description of the image algebra

(IR
DRl N N

s

operations and a preprocessor. Each organization tailors the

W

description of the image algebra operations to their specific
computer system and then places them into the computer’s
libraries. Once the preprocessor and operators are installed,
the computer can be programmed to automatically translate,
compile, and link each routine into an executable module.

This design requires the image algebra preprocessor to

4

be flexible. The preprocessor must be capable of translating

A
R

l-'lfl.'ls

image algebra expressions and other program statements into

e
»

equivalent code in several different languages. This does not
imply that every preprocessor must be capable of translating

image algebra notation into more than one language. Each
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computer system will employ a preprocessor that translates the
Ly image algebra expressions and program statements into the high
level language(s) supported by that computer.

It is anticipated that image processing algorithms will
possess statements containing multiple operations per line. A
scalar algebraic equation like ¢ = a * b - (¢ + d)/e has an
equivalent representation in the image algebra as C = A ¥ B -
(C + D)/E. Rather than forcing the image processing engineer
to write this equation as a series of statements with one
operation per line, it would be desirable to enter the entire
equation on one line. Consequently, the preprocessor should
be able to translate multiple image algebra expressions per
line.

There are a number of ways to implement the image algebra

t’ preprocessor. One method is a preprocessor that translates
each IA expression into the equivalent source code of a high
level language by directly substituting blocks of code for
each IA expression. This method allows each program module to
be self-contained (free from external procedures) but each
program module may contain redundant blocks of code. This
method creates modules that are likely to be larger than
necessary, but they may execute more rapidly because they
avoid the inherent overhead of procedure calls.

Another method, the one implemented in this project, is a

preprocessor that translates each IA expression into a series
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of equivalent high level language procedure calls. Although
each program module must be linked with the library of image
algebra operations, it is a self-contained executable module
that prevents redundant blocks of code. This method creates
modules that are relatively compact but they execute more
slowly because they rely almost entirely upon procedure calls,
The major advantages of this technique are the simple design
of the preprocessor and the standard interface between the

The operation of the preprocessor implemented at AFIT in
this project is demonstrated by Figures 3.1 and 3.2. Figure
3.1 shows an IA source file containing a number of operations.
The preprocessor translates the IA expressions into a series
of PASCAL procedure calls as shown in Figure 3.2. At this
point, it is not necessary for the reader to understand all of
the notation contained in these two figures. That will be

explained in the next section.
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Image_and_Template_Operations

'{' (% This is the program comment section. Each line is
; (* marked with the PASCAL comment delimiters at the ends.
| (¥ The program comment section in the IA file is not
| (¥ passed to the PASCAL source file.
(% The following lines contain the other IA program
(*+ sections. The program code section includes two
(* template definitions.
(* constant declaration section %)
const MaxLoop = 3
(* type declaration section ¥)
type itype = integer
ttype = integer

(* variable declaration section %)
var R,S,T : template

A,B,C : image

J ¢ integer
(* program code section %)
begin

(* define templates S and T %)
invariant template S
begin
S{x,y)
S(x,y+1)
end
invariant
begin
T(x,y-1)
T(x,y)
T(x+1l,y)
end
R := S (+) T
GetImage (A,’'’)
for j := 1 to MaxLoop do
(¥ loop the statements delimited by "begin" and "end"” %)
begin
B :
C
end
PutImage (C,'’)
end.

4
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Figure 3.1: Sample Image Algebra File
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>
’: (inherit(’iiaoper.env’,’'iio.env’)]
?‘ . program image_and_template_operations (input,output);
Pr Lol const maxloop = 3;
bt var r,s,t : template;
a,b,c : image;
D J ! integer;
;: begin
reset (input);
A rewrite (output);
3 s.fig(.1.).r:= 0; s.fig(.1l.).c:= 0; s.fig(.1.).w:=4;
g.fig(.2.).r:= 0; s.fig(.2.).c:=+1; s.fig(.2.).w:=5;
? s.num := 2;
-~ t.fig(.1.).r:= 0; t.fig(.1l.).c:=-1; t.fig(.1.).w:=1;
} t.fig(.2.).r:= 0; t.fig(.2.).c:= 0; t.fig(.2.).w:=2;
’ t.fig(.3.).r:=+1; t.fig(.3.).c:= 0; t.fig(.3.).w:=3;
2 t.num := 3;

(%%%x%% r:=g(+)t *xx%%x%x)
TempCirclePlus (s,t,tR1);
r := tR1;
gectimage (a,’'’);
for j := 1 to maxloop do
begin

(xx3xx b::a):j £X%xx)

N ..a In ’-

““5.0.. LJ
SN o

b’ maxval := MaxVallmage (a);
" CharImage (a, j,maxval,iR1);
:’ b := iR1;
T (**%2xx c:=(c+b)[v]r xxxxxX)
fo N ImageAdd (c,b,iR1);
‘6‘ ImageTempSquareMax (iRl,r,iR2)});
o’ c = iR2;
:.j end;
N putimage (c,’’);
:ﬁ end.
<
S Figure 3.2: PASCAL Source Code After Preprocessing the
E- Sample Program of Figure 3.1
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IV. AFIT Implementation of the Image Algebra

. AN
.

The image algebra, as conceived by the University of b

Florida, can be the basis for a powerful image processing

development environment. It has the capabilities to perform

any gray level image transformation, and its notational and

operational simplicity are surprising. This image algebra has

. -,' . " ..' 41

the potential to become a widely accepted image processing
tool.

As discussed in Section III, the most critical component
of the image algebra will be its computer implementation, .
especially the user interface. If the image algebra is to
galn wide spread acceptance, it must have a user interface
that is both simple and capable of utilizing the full power of

‘ the image algebra.

This section discusses the design and implementation of
the image algebra at AFIT. The goal is an image processing
development tool with a simple user interface that allows full
access to the power of the image algebra. This implementation
1s intended to achieve three of the desirable properties of a .
useful image algebra outlined in Section I: (1) substitution »

of concise image algebra expressions for large blocks of

-]

program code, (2) notation that allows the use of libraries of

image transformations, and (3) machine and computer language

independence.
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Development Environment and File Structure

Before discussing the explicit design of the AFIT image
algebra, it is helpful if the reader understands the overall
AFITIA structure and how it is incorporated into the VAX
11/780 processing environment using VAX PASCAL.

The major components of the AFITIA development tool are
derived from five PASCAL source code files: (1) two image
algebra operations files named i1iIAOPER.PAS and rIAOPER.PAS,
{2) two input/output operations files named iI0.PAS and
rI0.PAS, and (3) the preprocessor file named PREPROC.PAS.

The first two files contain the source code for all of the
operand type declarations and operations implemented in the
AFIT image algebra with integer and real operands. The second
two files contain the source code for all of the input/output
operations with integer and real operands. Two files each for
the TIA operations and input/output routines are required
because of the strong data typing used in PASCAL: some IA
operations can not be programmed in PASCAL to manipulate both
real and integer operands. Therefore, a PASCAL implementation
of the I[IA requires a set of IA operations each for real and
integer operands. The "i" and "r" preceding the IA operation
and input/output file names above denote the type of operands,
integer or real, used in that file’'s procedures. A copy of

the source code for the AFITIA operations with real operands

is 1n Appendix A, and a copy of the source code for the AFIT
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input/output operations with real operands is in Appendix C.

Qjﬁ The fifth PASCAL file contains the AFITIA preprocessor used

LY

for translating image zlgebra expressions into a series of
PASCAL procedure and function calls. A copy of the source
code for the AFITIA preprocessor is contained in Appendix B.

Before any translation of image algebra expressions can
be accomplished on the VAX 11/780, the development environment
mu=f possess eight files d«rived from the above source code
files. The first two are the object code descriptions of the
image algebra operations, iIAOPER.OBJ and rIAOPER.OBJ, created
by ccompiling iIAOPER.PAS and rIAOPER.PAS, respectively. The
next two are the object code descriptions of the input/output
operations, iI0O.OBJ and rIO.0OBJ, created by compiling iIO.PAS
and rIO.PAS, respectively.

' The other four files, iIAOPER.ENV, rIAOPER.ENV, iIO.ENV,
and rIO0.ENV, contain the procedure declarations from the image
algebra operation and input/output files. These files are
required to ensure proper compilation of a translated IA file
because PASCAL requires that all procedures and functions be
declared to the compiler before they are used. This method
permits VAX PASCAL to separately compile and link IA source
files, IA operation files, and input/output files. Like the
object code files, these files are created during compilation

of the PASCAL source code files by using the "environment"

compiler attribute in VAX PASCAL.
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These eight files plus an executable version of the
preprocessor are all that is necessary to translate an image
algebra description of any image processing algorithm into an
executable module. The AFITIA development tool uses a command
file called TIA.COM to automate this translation process. A
copy of this command file is in Appendix D. Figure 4.1 shows
a block diagram of the entire AFITIA development tool, the
interrelationship between all of the files used to build an
executable image processing module, and the flow of execution
in the automatic translator command file. The execution of
this command file is outlined below.

Starting at the top, the file containing the image
algebra language description, the IA file, is copied to an
intermediate working file named TRANSLAT.IA. The name of the
file may be any valid filernrame, and it is assumed to have a
".IA" extension.

Next, the preprocessor is invoked to translate the IA
expressions in this working file into PASCAL source code.
First, the entire TRANSLAT.IA file is converted to lower case
letters, all comments are removed, and the result is placed in
TRANSLAT.TMP. Second, the preprocessor examines TRANSLAT.TMP
and determines which type of the image and template operands,
integer or real, are used in this routine. The default data
type is real. Based upon this determination, the preprocessor

writes a statement to another working file, TRANSLAT.PAS, that
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IA file: name.IA

r
copy to
1

TRANSLAT.IA
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PREPROCESSOR_1

convert to lower case

|

TRANSLAT.TMP

translate 1A to PASCAL

iIO.ENV
rI0O.ENV

compile
1

input/output
operations

(source code)

iIO0.PAS
rIO.PAS

compile

|

1I0.0BJ
rI0.0BJ

1

-

TRANSLAT.PAS

1 IAOPER.ENV
rIAOPER.ENV

compile

compile
i

TRANSLAT.OBJ

image algebra
operations
(source code)
iIAOPER.PAS
rIAOPER. PAS

compile

|
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allows the inclusion of the proper environment files, i1iI0.ENV E-
j éif or rIO.ENV, and iIAOPER.ENV or rIAOPER.ENV, for compilation. Eﬂ
Finally, the preprocessor continues examining TRANSLAT.TMP, -
translates each line of the file containing IA expressions, :2
j and outputs the translated code to TRANSLAT.PAS. t;
| Once the entire algorithm is translated, the PASCAL ;
| compiler is invoked to operate on the TRANSLAT.PAS file, and E
l the compiled (object) code is returned in TRANSLAT.OBJ. The E
object file is subsequently linked with the proper image ';
algebra operation and input/output object files resulting in E
an executable file named TRANSLAT.EXE. This executable file ;
is then renamed to the file name of the original IA file with -F
a ".EXE" extension, and all of the TRANSLAT.#*%x files are :5
deleted from the directory. %
‘ After the executable file is automatically built by the -_
process described above, the algorithm may be run from the %E
computer’s command line. gi
AFIT Image Algebra Language :i
One of the goals of both the UFIA and this project was E;
the concise expression of image processing algorithms. Given :
the profusion of image processing algorithms with controlled
execution, differing data structures, and diverse operations, g
this is a formidable task. However, the AFITIA language is i:
designed to overcome these obstacles. First, the AFITIA
notation supports the controlled execution of IA expressions.
o
4-6
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Second, the AFITIA operands are flexible enough to accommodate
many different image and neighborhood configurations. Third,
the AFITIA can perform any image transformation because its
basic operations are identical to those of the UFIA. Recall
that the University of Florida proved this set of operations
was capable of performing any image-to-image transformation
when used in conjunction with controlled program execution.
The following sections discuss each of these aspects of the
AFITIA language in more detail.

Program Control. The UFIA elemental operations described

in Section II can serve as the basis for an IA language, but
these operations alone cannot form a complete IA language
capable of describing all transformations. Many image
processing algorithms require additional program statements,
such as conditional branching and repetitive looping, to
control the execution of an algorithm. Consequently, a
complete image algebra language must support both the
operations defined in the UFIA and the programming statements
found in the more popular high level computer languages.

Since the image algebra will be used with many different
computer languages, ti.e image algebra language must define and
support program control statements that can be translated into
any computer language. Designing a language to be independent
of the target language of the preprocessor will be necessary

because different computer languages support different control
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statements. For example, PASCAL supports "if-then-else” and
"case” conditional statements and "for"”, "while” and "repeat”
repetitive statements; FORTRAN has "if-then-else”, "do", and
"do-while” statements; the C language supports "if-then-else”,
"while", "for", "do-while"”, and "switch" statements; and PL/I
has "if-then-else”, "select”, "do", "while"”, and "until"”
control statements. (3:57-61; 7:9-3,9-9,9-12; 8:67-85,151-174;
9:88-101,103-127) Although there is a common set of control
statements, there are differences that make it difficult to
implement a universal notation.

Therefore, this project did not attempt to design generic
control statements that could be translated to equivalent
statements in any high level computer language. Instead, the
AFITIA language retains the PASCAL constructs in order to form
an image algebra language that supports repetitive looping and
conditional branching. Consequently, this implementation of
the image algebra language is ..ot completely machine or
language independent, but it does progress in that direction.

Operand Data Structures and Notation. The operands of

the AFITIA must be capable of modeling and transforming any
practical image. Consequently, the data structures of the
operands must be flexible enough to handle many different
image formats and neighborhood configurations.

In the UFIA, the number of images and templates, and

their respective dimensions, are limitless. Unfortunately, an
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: implementation of the image algebra on a computer requires

; {ﬁj some compromises. Implementing the image algebra on the AFIT
" computer requires that the dimensions of the UFIA operands be
E restricted because of limited computer resources. The size of
>

! the operands supported by the AFITIA should be sufficient for

most image processing tasks.

]
F I

In this version of the AFITIA, images are limited to

: two-dimensional arrays, and the number of images available to
o the user is software limited to 100. Two-dimensional arrays
a are used to minimize the memory and program requirements.
E Images may be named with any combination of characters (except
" v), numerals, and underscores up to eighty characters long. A
§ software switch, iType, included in the IA source file can be
§ used to implement the images with real or integer gray values.
" i’ The default switch setting is real. Complex valued images are
% not supported in this version of the AFITIA. Each dimension
; of the image may be any size up to a maximum value set by the
” user Wwith two other software switches found in the IAOPER.PAS
.; files, MaxImageRow and MaxImageColumn.
f The data structure of the image operand is a record with
‘.
- three fields: row dimension, column dimension, and an array of
z integer gray levels indexed by row and column position. This
'i data structure allows the AFITIA to manipulate multiple,
arbitrarily sized images. Additionally, since the dimensions

RERE

of the image can be initialized by a procedure that reads in

'
”
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the input image, the user is freed from tracking all of the

image dimensions during execution.

The image notation used in this project and by the
University of Florida is similar. Images are denoted with
capital letters from the beginning of the alphabet such as A,
B, and C. Arbitrary pixels in an image are represented with
the vector notation k, and the gray value at an arbitrary
pixel 1n image A is denoted by A(k). Specific pixels in the
two-dimensional AFITIA 1images are denoted with row and column
qualifiers to the image letter designator such as A(2,3) or
B(7,4).

In this version of the AFITIA, one-dimensional arrays are
used for storing template configurations and weights. One-
dimensional arrays were chosen for the template operands in
order to simultaneously increase configuration flexibility and
minimize computer storage requirements. LikYe image operands,
templates may be named with any combination of letters (except
v), numerals, and underscores up to eighty characters in
length. A software switch, tType, included in the IA source
file can be used to implement the templates with real or
integer weights. The default switch setting is real. Complex
valued templates are not supported in this version of the
AFITIA. The size of the templates is presently limited by

another software switch, MaxTempCell, in the IAOPER.PAS file

4-10




to 100 pixels in each configuration. All pixels not within
| Qbi the configuration are defined to have a value of zero.

The data structure of the template operand is a record
with two fields. The first field contains the number of
pixels in the configuration. The second field is an array
with each array cell representing a pixel in the template
configuration. Each array cell contains a record with three
fields of information about that pixel: the (1) row and (2)
column offset from that template’'s center pixel, and (3) the
weight of that pixel. This data structure permits arbitrary
row and column offsets for each pixel and, therefore, allows
arbitrary template configurations to be implemented while
minimizing the computer storage requirements.

The template notation used in this project and by the
University of Florida is similar. Templates are denoted with
capital letters from the end of the alphabet such as R, S, and
T. Arbitrary pixels in a template are represented with the
vector notation z where z stands for the m-dimensional offset
from the template’s center pixel. (Recall that the center
pixel is not necessarily the physical center of the template’'s
configuration.) The weight at an arbitrary pixel in template
R is denoted by R{z). Specific pixels in AFITIA template
configurations are represented by row and column offsets from
the template’s center pixel. For example, R(-2,3) is a pixel

two rows above and three columns to the right of the center
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pixel, and the center pixel of template S may be represented

by S(0,0) or S(0).

Operator Implementation and Notation. The five elemental

image-image operations, three elemental image-template
operations, and six elemental template-template operations of
the UFIA are preserved in the AFITIA. Each operation is
implemented as a PASCAL procedure or function. Each basic
operation is performed by calling the appropriate subroutine,
passing the necessary operands, and obtaining the result
returned from the subroutine. The source code for all of the
AFITIA operations is in Appendix A.

This implementation of the operators directly supports
the concise notation feature described above. The large
blocks of ccode needed to program each operation are replaced
by a short subrcutine call.

The interface between the program calling the procedure
and the procedure itself is designed to provide maximum
program flexibility while ensuring data and variable
integrity. Using the parameter passing schemes provided by
PASCAL, each procedure obtains its operands through value
parameters and the results are returned to the calling program
through variable parameters. Local variables are used in each
procedure to prevent the procedures from modifying any
variables not within their scope. This scheme allows each

procedure to perform its operation without modifying the data
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in either operand, and it allows the result to be returned to
an arbitrary variable name in the calling program.

As noted above, the AFITIA is comprised of a collection
of PASCAL procedures and functions that allow the substitution
of short subroutine calls for the computer code of each
elemental operation. This attribute partially supports the
sixth image algebra guideline outlined in Section I. However,
requiring a user to write image processing algorithms as a
collection of procedure calls is not compatible with the goal
of writing algorithms using the image algebra notation.

Writing computer programs in the image algebra notation
requires a mapping of image algebra operator symbols to ASCII
characters. Because many of the operator symbols in the image
algebra cannot be represented by a single ASCII character, the
AFITIA uses short strings of characters that closely resemble
the image algebra notation. Figure 4.2 displays all of the
operators, their UFIA notation, and their equivalent AFITIA
notation. In the figure, A, B, and C are defined as images,
R, S, and T are defined as templates, and f is defined as a
scalar. Notice the desirable similarity between the operator
symbols of the UFIA and AFITIA. This scheme avoids memorizing
a mapping between image algebra operator symbols and ASCII
characters. Additionally, this should ease the learning

necessary to write computer programs using the image algebra.
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Image-Image Operations
operation UFIA notation
addition +
subtraction
multiplication
division
maximum
minimum
exponential
dot product
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Image-Template Operations

operation UFIA notation AFITIA notation
circle-plus (+)
circle-maximum (v)
circle-minimum (™)
square-maximum [v]
square-minimum ("]
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Template-Template Operations

operation UFIA notation AFITIA
addition
subtraction
multiplication
division
maximum
minimum
circle~-plus
circle-maximum
circle-minimum
square-maximum
square-minimum
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Other Operations
operation UFIA notation AFITIA notation

assignment A = B A B
R = S R : S
characteristic A = B A = B
images A > B A > B
(image-image) A 2B A > B
A (B A (< B
A < B A (= B
A =2 B A <> B
characteristic A= f A = f
images A> f A D f
(image-scalar) A > f A >z f
A <C f A < f
A< f A <=z f
A=z f A O f
absolute value VA VAL
VR VR

Figure 4.2: AFIT Image Algebra Operator Syntax
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AFIT Image Algebra Preprocessor

If the image algebra notation is to be used for writing
computer programs, then an interface between the image algebra
language and the host computer language must be provided.

This interface must be capable of translating image algebra
operands and operator symbols into the more popular high level
computer languages.

Consequently, the final component of the AFIT image
algebra environment is a preprocessor that translates image
algebra expressions into to a sequence of PASCAL procedure
calls required to execute the algorithm. This preprocessor
allows a user to write an image processing algorithm entirely
with image algebra operands, operators, and common programming
constructs, and with little knowledge of computer programming
syntax. The source code for the AFITIA preprocessor is in
Appendix B.

The AFITIA preprocessor is designed to translate any
unambiguous image algebra expression, using the notation shown
in Figure 4.2, into an equivalent sequence of PASCAL procedure
calls. This preprocessor also supports any of the PASCAL
programming constructs such as assignment, branching, and
repetitive looping. The development of an image processing
algorithm using the AFIT image algebra notation with the AFIT
preprocessor requires the user to follow a few guidelines when

writing the program.




P "

AFIT Image Algebra Syntax

The AFITIA preprocessor expects the image algebra file to

be comprised of up to six basic sections: (1) program name,
(2) program comment, (3) constant declaration, (4) type
declaration, (5) variable declaration, and (6) program code.

Each section is delimited by a keyword or symbol, but all
sections need not be present to form a working algorithm.

Only the sections necessary for proper compilation are
required. Additionally, the order of the sections in the
image algebra file is very flexible. The only requirements
are that the program name, if it is included, must be first
section and the program code must be last section. Any
comments embedded in the IA file are ignored. Figure 4.3 shows
an IA program with all six sections included.

Program Name. An image algebra program may be named in

the IA source file, but it is not required. The preprocessor
interprets the first non-blank line of the file as the program
name unless the first line contains a comment delimiter or a
word reserved to head any of the major file sections. In the
latter case, the program is assumed to be unnamed.

Program Comment. The comment section is an optional

section for all of the comments the user desires to imbed in
the IA file about the program’s operands, execution, input,
and output. Each comment line is delimited by "(*" on the

left end and "%)" on the right end. The length and content of
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A Image_and_Template_Operations

*u

PSS
'

o (% This is the program comment section. Each line is X
) (* marked with the PASCAL comment delimiters at the ends. %
(* The program comment section in the IA file is not ]
(¥ passed to the PASCAL source file. %)
(* The following lines contain the other IA program %
(* sections. The program code section includes two x
(* template definitions. %

278 8 278" o

(* constant definition section %)

> const MaxLoop = 3
1)
N (¥ type definition section ¥%)
’. type itype = integer
N ttype = integer
- (* variable declaration section %)
- var R,S,T : template
: A,B,C : image
¢ J ¢ integer
) (¥ program code section %)
. begin
" (* define templates S and T %)
- invariant template S
e begin
" S(x,y) =4
& S(x,y+1) = 5
- end
N invariant template T
- begin
X T(x,y-1) = 1
4 T(x,y) = 2
T(x+1,y) = 3
N end
- R := S (+) T
5 GetImage (A,’'"')
. for j := 1 to MaxLoop do
- (* loop the statements delimited by "begin" and "end" )
begin
~ B := A>=)
. C := (C + B) [v] R
A end
y PutImage (C,’"’)
. end.
A Figure 4.3: Sample Image Algebra File
¢
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the program comment section is arbitrary because the AFIT
preprocessor ignores all of the comments in the IA file. This
implies that comments may be placed anywhere in the IA file.
The comment section is terminated when the preprocessor finds
any of the reserved words used to head another section of the
IA file.

Constant Declaration. The constant declaration section

is used to declare and equate identifiers with constant
values. This optional section is reserved for initializing
user-defined constants to be used in the program. The entire
section is headed by the reserved word "const”, followed by a
list of constants assigned to identifiers. Each constant is
assigned to an identifier or value with an equal sign. This
is shown in the constant declaration section of Figure 4.3.
Note the reserved word "const” is required only in the first
line of the section. The constant declaration section is
concluded when the preprocessor encounters a reserved word
used to head one of the other IA file sections.

Type Declaration. The type declaration section is an

optional part of the image algebra file which is used to
declare user-defined data types. The syntax of the type
declaration section is identical to that of the constant
declaration section except the reserved word "type" is used in

place of "const"”. See Figure 4.3 for an example. The

software switches, iType and tType, are placed here to define
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the data type of the image gray levels and template weights,

nﬁ\ respectively. The default type is real. The type declaration
section is terminated when the preprocessor finds a reserved
word used to head one of the other IA file sections.

Variable Declaration. The variable declaration section

is a required part of the image algebra file. All variable

operands used in the program, such as images, templates, and

e s

scalars, must be declared (identified) to the compiler in this

section. The variable declaration section is headed by the

"

reserved word "var” on the first line followed by one or more

“px

.
NS

4 K 50

lines listing one or more variables separated by commas. Each

h

line of variables is terminated with a colon and a data type.

B
At

The data types may be either user defined types from the type

0

% %

declaration section, types defined by the image algebra such

:;

-

as image or template, or they may be standard PASCAL data

"3
types like real, integer, or character. Figure 4.3 shows some :&
I\, 4
examples of variable declarations for both IA defined and ;:
~
N/
standard PASCAL data types. The variable declaration section )
SN
is concluded when the preprocessor finds a reserved word used :;
RN
to head one of the other IA file sections. }g
A
Program Code. The program code section is the last part
of the image algebra file. This is where the image algebra

operands are manipulated by the image algebra operators and
the flow of program execution is controlled. The program code

section 18 headed by the reserved word "begin"” and terminated
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with the reserved word "end. In between these two words can
be as many image algebra and program control statements as
necessary to accomplish the image processing task.

The syntax of the image algebra expressions is relatively
straightforward. Any expression may be entered into the IA
file as it is written on paper using the AFITIA symbols shown
in Figure 4.2. Few restrictions are placed on program lines
containing image algebra expressions. Each line may contain
multiple image algebra operations. The preprocessor is set up
to interpret each line with a left-to-right hierarchy within

parentheses; that is, the order of operation is determined

from left to right within any level of parentheses. One

restriction is that all parentheses
and "}" symbols. Examples of image
ij‘ multiple operations per line can be
alzZzebra source file shown in Figure

The initialization of template

be written using the " {"
algebra expressions with
found in the sample image

4.3.

operands is a simple and

flexible process. A template definition is headed by the

'

reserved words "invariant template” followed on the same line
by the name of the template. The next line contains the
reserved word "begin” to denote the start of the definition.
The configuration and weights are initialized on successive
lines as pairs of row and column offsets with a weight

assigned to each offset pair. The syntax of each line is

"(r+x,c+y)=z" where x and y are integer values and z is an

1-20
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integer or real value depending upon the data type of the

template weights. Template definitions are terminated with

" "

the reserved word "end". Figure 4.3 shows the definition of
two templates, S and T.

Some additional syntax guidelines are carried over from
the PASCAL language. These rules affect program execution
because of the way the PASCAL compiler interprets program
control statements. Basically, PASCAL requires that each
group of logically related expressions be delimited with a

"begin” and "end" statement. Logically related expressions
are those lines of program code under the control of the same

program statement such as a loop or conditional branch. An

”" "

example of this syntax requirement can be found in the "for

loop at the end of Figure 4.3.

Program control statements may not contain image algebra
operators but they may contain explicit IA procedure calls.
The preprocessor is designed not to interpret any program
lines containing reserved words or standard identifiers from
the PASCAL language. Therefore, any image algebra operators
on the same line as a reserved PASCAL word or PASCAL standard
identifier are passed directly to the TRANSLAT.PAS file and
may result in errors when they are compiled. However, any

AFITIA procedure calls in a program control statement can be

compiled successfully.

+ 2 QB

&5 4% Y
PR A

Ay

“ %
P

"y
PR

“a
T,

-

Yoy

[ o

"'nk'u'
XA AR

B

NI,

Ié
4y

U

Y.

N

o




27

s AS

- 3 CAMNUN @R R NN Wy NV IW ITATR T U IV EPFNAT 4" -

A list of reserved words and standard identifiers from
both the image algebra and PASCAL languages is shown in Figure
4.4. The reserved words are primitive components of both the
image algebra and PASCAL which cannot be used as identifiers
in an IA program. On the other hand, the PASCAL standard
identifiers listed in Figure 4.4 may be redefined in an IA
program, but the predefined facility of that identifier is
then lost. (3:37-38) Image algebra standard identifiers
should be treated as reserved words.

Image and template input/output operations are handled
through PASCAL procedure calls. The input/output routines
supported by the AFITIA are shown in Figure 4.5. Both read
operations prompt the user for the name of the file from which
to read. Both write operations write the image to a file
named by the user. If the name of the file in the procedure
call is left blank, '’, the user is prompted for the file name
during execution. Appendix C contains the source code for the
AFITIA input/output procedures.

The AFITIA contains some extensions to the UFIA set of
operators tou ease the programming of algorithms in the AFIT
image algebra language. In addition to the fourteen elemental
operators outlined in Section II, the AFITIA includes three
functions and one procedure for image operands, and four
procedures for template operands. These operations are shown

in Figure 4.5.
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VAX PASCAL Reserved Words {f.
N . ‘:'.' .
% and array begin case -
const div do downto
else end external file K
for forward function goto ?ﬁs
if in label mod P
nil not of or 2;‘
packed procedure program record }vq
repeat set then to
type until var varying o
while with :ﬁx.
P
e
‘-
VAX PASCAL Standard Identifiers .
arctan boolean byte char j
chr close cos eof ?
eoln exp false index -
input integer length 1n -
odd ord output pred ta¥
read readln readvar reset %
rewrite round sin sqr N
sqrt succ text true e
trunc write writeln writevar :jy
LA N
S
Image Algebra Reserved Words and Standard Identifiers fﬂ}
S
ConfigTempHConst ConfigTempVConst ConfigTempMooreConst bi}
ConfigTempVNConst Constlmage dotval :Q}f
GetImage GetTemplate image A,
ImageEqual ImageType invariant
iR1 iR2 iR3
i1R4 iR5 iType
MaxImageColumn MaxImageRow MaxTempCell
maxval MaxValImage minval
MinVallmage Putlmage PutTemplate
template TemplateType tR1
tR2 tR3 tR4 AT
tR5 tType v Et
::f{: X
. %
A A
Figure 4.4: Reserved Words and Standard Identifiers e
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Input / Output Operations
;s operation AFITIA notation
DAY
read image A from the GetImage (A, 'name’)
external file ’'name’
write image A to the Putlmage (A, 'name’)
external file 'name’
read template R from the GetTemplate (R, 'name’)
° external file ’'name’
write template R to the PutTemplate (R, 'name’)
external file 'name’
Image Operations
operation AFITIA notvation
is image A = image B ? ImageEqual (A,B)
minimum gray value of image A MinValImage (A) )
.
maximum gray value of image A MaxVallImage (A) A
e . . . P
initialize image A to dimension ConstImage (A,row,col,x) X
(row x col) with constant {~
pixel gray value of x ?
. Template Operations he
operation AFITIA notation .j
s
configure R as a horizontal ConfigTempHConst (R,col,x) ;
template of dimension (1 x col) 3
with constant pixcel weights of x R
configure R as a vertical ConfigTempVConst (R,row,x) }
template of dimension (row x 1) e
with constant pixel weights of x Q
»
configure R as a Moore template ConfigTempMooreConst (R, "
of dimension (row x col) with row,col,x) 0y
constant pixel weights of x o
configure R as a Von Neumann ConfigTempVNConst(R, rad, x) o
template of radius {(rad) with -
constant pixel weights of x
Figure 4.5: Additional AFIT Image Algebra Operations
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Building an Executable Module

Once the image processing routine is properly described
in the image algebra language, it can be transformed into an
executable module with ease by invoking the VAX command file
TIA.COM followed by the name of IA file to be transformed.
This command file automatically executes the preprocessor to
translate the IA file into a PASCAL source code file, executes
the PASCAL compiler to transform the source code into an
object file, links the object file with the image algebra and
I1/0 routines contained in TAOPER.OBJ and I0.0BJ to produce an
executable module, and, finally, renames the executable module
with the name of the original IA file. TIA.COM is listed in
the appendix.

Figure 4.6 shows the result of preprocessing the sample
program from Figure 4.3. After compiling and linking this
source code, it becomes a self-contained executable module.
Execution of the image processing task is accomplished by

running the executable module with the VAX command "RUN

filename".
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[inherit('iiaoper.env’,’iio.env’)]
< program image and_template_operations
M const maxloop = 3;
* var r,s,t : template;
a,b,c : image;
J ! 1integer;
begin
reset (input);
rewrite {(output);

g.fig(.1.).r:= 0; s.fig(.1.).c:= O;
s.fig(.2.).r:= 0; s.fig(.2.).ci=+1;
s.num := 2;

t.fig(.1.).r:= O; t.fig(.1.).c:=-1;
t.fig(.2.).r:= 0O; t.fig(.2.).c:= 0;
t.fig(.3.).r:=+1; t.fig(.3.).c:= 0O;
t.num := 3;

(*¥232x%x r:=-g(+)t xxxxx)
TempCirclePlus (s,t,tR1);
r := tR1;
getimage (a,’’');
for j := 1 to maxloop do
begin
(X%x%%x b:zad>=j X¥X%X)
maxval := MaxVallmage (a);
CharImage (a,j,maxval,iRl);
b := iR1;
(¥%%3%x c:=(c+b)[v]ir *xxx%xx)
ImageAdd (c¢,b,iR1l);
' ImageTempSquareMax (iR1l,r,iR2);
c := iR2;
end;
put.mage (c,’’);
end.

Figure 4.6: PASCAL Source Code After Preprocessing the
Sample Program of Figure 4.3
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KR V. Image Algebra Algorithms
S,

To demonstrate the power of the image algebra language
and the simplicity of the AFITIA development tool, this
section develops three image processing algorithms. The first
algorithm, a mean filter, demonstrates the image algebra’s
power for describing linear image processing tasks. The other
two algorithms, a median filter and a local mode filter,
exhibit the image algebra’s power for representing nonlinear
image processing tasks.

A comparison of the two implementations, one in the image

algebra and one in PASCAL, of each of the following algorithms

L4

~

$\

demonstrates the tremendous potential productivity increases o
1‘,.

L g

by a programmer using the image algebra. Due to the concise ??
»

‘ notation and powerful operators, an image processing engineer

can produce reliable image transformation tools with minimal
development time. Further, these comparisons highlight the
ease of writing image processing algorithms with the image
algebra language. They also indicate some areas where the

AFITIA needs improvement.

Mean Filter

The mean filter is a linear operation used for noise

suppression in images. The filter modifies each image pixel
to reflect the mean gray value within a small neighborhood of

each image pixel where the neighborhood is defined by the

LI
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program Mean_Filter (input,output);
{* Let image A be a two dimensional, integer valued array
(* of dimensions Image Rows by Image_Columns.
(* Let filter F be a 3x3 array of constant weight 1.
(¥ The result of the filter operation is placed in image R
type Image array (.1..256,1..256.) of integer;
Template = array (.1..3,1..3.) of integer;
A,R Image;
F Template;
Image Rows, Image Columns,i, j,k,1l,sum
%¥Include ’I0_PAS.PAS’
begin (* program Mean_Filter %)
reset (input);
rewrite (output);
(* read 1mage A from an external file %)
GetImage (A,’input.img’,Image_Rows,Image_Columns) ;
(* initialize the filter weights to 1 %)
for i 1 to 3 do
for Jj 1 to 3 do F(.i,j.)
(* for each pixel in image A %)
for 1 1 to Image Rows do
for 1 to Image Columns do begin
(¥ sum the gray values in the neighborhood %)
sum 0;
for k := -1 to 1 do
for 1 -1 to 1 do
if (i+k>=1) and (i+k<=Image Rows) and
(j+1>=1) and (j+1l<=Image_Columns)
then sum sum + A(.i+k,j+1.)*F(.k+2,1+2.);
(¥ divide the sum by the number of neighborhood pixels %)
(* and place this value into the resulting image %)
R(.i,J3.) round (sum/9);
end; (% for j %)
(* write the resulting image to OUTPUT.IMG 1)
PutImage (R,’output.img’,Image_ Rows,Image Columns);
end. (% program Mean Filter %)

var

integer;

-

1;

Figure 5.1: PASCAL Implementation of a Mean Filter
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configuration of the filter.

This filter has the desirable

effect of reducing
step or ramp edges

Figure 5.1
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shows a PASCAL

but it introduces blurring at

implementation of the mean

including the necessary input/output operations toc




’”
make it useful as an executable module. The algorithm for ?5
'%k- this filter is simple. Following the declaration sections, ;i
the routine reads an image from a user-specified external ge
file. The external file is assumed to be headed by the row 3$
and column dimensions of the image followed by the image data ;i
arranged in a two dimensional (row x column) array. After T»;
obtaining the input image, the program steps through each ;
pixel of the image. At each pixel of the image, designated by E
A(i,j), all of the pixel gray values lying under the filter i
A
configuration centered over A(i,j) are summed and divided by i?ﬂ
e
the number of pixels in the filter configuration. This S?:
quctient replaces the gray value at pixel A(i,j). i:'
Figure 5.2 shows the mean filter algorithm described in o
the ATITIA language. The operation of this algorithm is
. subtle compared to the direct PASCAL implementation. The .
declaration and initialization sections are similar. After -
reading the image from an external file, this algorithm
replaces each pixel gray value with the sum of pixel gray
values in the neighborhood of each image pixel. Once this i
operation is completed by the circle-plus operator, a simple
scalar division is needed to complete the averaging process:
divide the image by the number of pixels in the neighborhood. %i
A comparison of the Figures 5.1 and 5.2 demonstrates the éf
300,
advantages of the image algebra. As shown, the image algebra u
routine contains 5 lines of executable (non-comment) code Ei}
o
&
s ANA
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B T B R T




L)

L
0

Mean_ Filter
(* Let image A be a two dimensional, integer valued array %)
(* of dimensions Image_Rows by Image_Columns. x)
(* Let filter F be a 3x3 array of constant weight = 1. %)
{(* The result of the filter operation is placed in image A %)
type itype = integer
ttype = integer
var A : image
F : template
begin
(* read image A from an external file %)
GetImage (A, 'input.img’)
(* set the filter weights to 1 x)
ConfigTempMooreConst (F,3,3,1)
(¥ sum the gray values in the neighborhood x)

A = A (+) F

(* divide the sum by the number of neighborhood pixels &)
{(* and place this value into the resulting image x)
A= A/ 9

(* write the resulting image to OUTPUT.IMG %)
PutImage (A,’output.img’)
end.

Figure 5.2: Image Algebra Implementation of a Mean Filter

compared to 16 lines of code in the PASCAL routine. That is
68% less coding required to implement the same routine in the
image algebra. Further, the object code of the IA program
requires only 1.5K bytes of storage compared to the 2.5K bytes
of storage required by the object code of the direct PASCAL
implementation. Additionally, if the user desires to alter
the size of the neighborhood of each pixel, the PASCAL program
requires recoding of both the filter definition and the limits
of program iteration, but the IA program requires only a
change of the dimensions used in the template definition.
Subsequent inspection of the executable code size and the

execution time of these two programs shows the disadvantages
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of this version of the image algebra. The executable code

{4: size of the IA program needs 18.5K bytes of storage compared
to only 3K bytes of storage for the PASCAL program. The
execution time on a 256x256 image is 103.41 seconds for the IA

program and 92.52 seconds for the PASCAL program.

Median Filter

The median filter is a nonlinear operation used for noise
suppression in images. The filter modifies each image pixel

to reflect the median gray value within a small neighborhood

of each image pixel where the neighborhood is defined by the

T, 87 o »
PR
U4 .

configuration of the filter. This filter reduces the noise in

an image, and it usually does not affect step or ramp edges

SRR

(6:330-331).

"'l

Figure 5.3 shows a PASCAL implementation of the median
filter with the input/output routines necessary to make the
program into an executable module. The algorithm for this
filter is straightforward. Following the declaration

sections, the routine reads an image from a user-specified

Ay "-','-

external described in the mean filter above. After obtaining

LSRN

the input image, the program steps through each pixel of the

image. At each pixel of the image, designated by A(i,j), all

N

[ A S

of the pixel gray values lying under the filter configuration

-~ % .

centered over A(i,j) are put into a histogram. The program

searches for the median entry in the histogram and places the

gray value at this location into the image at pixel A(1i,Jj).
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program Median_Filter (input,output);

.- (% Let image A be a two dimensional, integer valued %) J
12? (¢t array of dimensions Image_Rows by Image_Columns. %)
(% Let filter F be a 3x3 array of constant weight = 1. %)
(% Let H contain the histogram of the neighborhood %)
{*+ assuming a maximum of 32 gray levels (0-31). %) o
(= The result of the filter operation 1s image R. %) “

! type Image = array (.1..256,1..256.} of integer; \
\ Template = array (.1..3,1..3.) of integer; .

var A,R : Image; -
F : Template; e,
H : array (.0..31.) of integer: (* histogram %) N
Image Rows,Image_Columns,i,j,k,l : integer; N
number,med_val ! integer; .
%Include ’'IO_PAS.PAS’ >
begin (% program Median_Filter %) .
reset (input); b
rewrite (output); N
(t read image A from an external file %) -
GetImage (A,’input.img’,Image_Rows,Image_Columns); 3
(* set the filter weights to 1 %) N
for i := 1 to 3 do 2
for j := 1 to 3 do F(.1i,j.) = 1, ,
(* for each pixel in image A %) .
for i := 1 to Image_Rows do :
for j := 1 to Image Columns do begin N
(* build a histogram of the neighborhood %) .
; for k := 0 to 31 do H(.k.) := O; .
. for k := -1 to 1 do -
for 1 := -1 to 1 do N
if (i+k>=1) and (i+k<=Image Rows) and -
(j+1>=1) and (j+1<=1Image_Columns) ::
then H(.A(.i+k,j+1.).) := H(.A(.i+k,j+1.).) + 1; o™
(* find the number of non-zero histogram values %) x
number := 0;
for k := 1 to 31 do "
if H(.k.) ¢> 0 then number := number + 1; .
(¥ the median gray value is the median entry in H %) ?
med val := round (number/2); :
{* find and place the median gray value nto image R %)
number := 0;
for k := 1 to 31 do begin 5‘
if H(.k.) <> 0 then number := number + 1; K
if number = med val then R(.1,j.) = H(.k.}; r
end; (% for k %)
end; (¢ for j %) n
(¥ write the resulting image to an external file ¥)
PutImage (R,’output.img’,Image_ Rows,Image_Columns); -:
end. (% program Median Filter %) ;
Ks
Figure 5.3: PASCAL Implementation of a Median Filter A
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Median_Filter o
. (¥ Let image A be a two dimensional, integer valued array %) ",
3’\ (¥ of dimensions Image_Rows by Image_Columns. %) 3}
e (* Let filter F be a 3x3 array of constant weight = 1. %)
(* The result of the filter operation is in image R. %) )
var il1,A,B,C,R : image ;
F : template ¢
x,dot : integer 4'
begin >
(¥ read image A from an external file %) 2
GetImage (A,'input.img’) 2
(% initialize F=1 %) :F
ConfigTempMooreConst (F,3,3,1) ;
(¢ initialize 1l=1, R=0 the same size as A ¥) Iy
ConstImage (il,A.row,A.col,l) \4
ConstImage (R,A.row,A.col,0) _
({* calculate the median frequency threshold %) ~3
C := {il1 (+) F} / 2 ~
for x := MinVallmage (A} to MaxVallmage (A} do begin Ki
dot := {A=x}.il -~
if dot > 0 then begin o
(* calculate the frequency of image pixels %) -~
(* under template F with gray value >z x x) -
B := (A>=x) (+) F ot
(* update the pixel gray value if frequency is ¥%) w’
(* greater than the median frequency threshold %) }:
R := R v {{{B-C)>0}*x} Xy
end (* if dot then %) ht
. end (* for x dox)
(* write the resulting image to an external image %) :\
PutImage (R,’'output.img’) ;:
end. o~
X
Figure 5.4: Image Algebra Implementation of a Median Filter 7
Figure 5.4 shows the median filter algorithm written in i;
the image algebra language. This operation of this algorithm D
~
is not as obvious as the direct PASCAL implementation. After .
AN
the usual declarations and obtaining the input image, A, this :i
“x
algorithm initializes three more images of identical size to .
Al Image il, which is used by the dot product operation to <
count pixels, is set to one at every pixel. Image C is set to :i
N
N
o %
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the median frequency threshold at each pixel. This means each
'&?f pixel in C assumes a value corresponding to the median number

of pixels within the neighborhood of that image pixel. Image

A I
"n‘

R, the result image, is initialized to zero at every pixel.

Pl

P

The remainder of the algorithm is iterated by gray level

S

from the minimum gray value to the maximum gray value in image

]

A. During each iteration, image B is set to the frequency of E:
gray levels within the neighborhood of each pixel greater than :E
the present gray level of the iteration. Then, each pixel L5
that has a frequency greater than the median frequency E;
threshold is updated with the present gray level of the Eé
iteration. Thus, each pixel is updated with the a new gray x
value until its frequency is greater than or equal to the é}
median frequency threshold. ;E
‘ A comparison of the Figures 5.3 and 5.4 demonstrates the
advantages of the image algebra description. As shown, the .

image algebra version contains 13 lines of executable (non-

.
-~
P d
,.-
‘4
‘o
.

comment) code compared to 24 lines in the PASCAL version. The

« o

result is better than 45% less programming required by the

. .‘- "l' .".l’

image algebra implementation. Additionally, the object code
of the IA program requires only 2.5K bytes of storage compared
to the 3K bytes of storage required by the object code of the
direct PASCAL implementation. As in the IA implementation of

the mean filter, the alteration of the pixel neighborhood in

-
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the IA version of the median filter requires only a change in
the dimensions of the template definition.

Further inspection of the executahble code size and the
execution time of these two programs shows the disadvantages
of this version of the image algebra. The executable code
size of the 1A program requires 19K bytes of storage compared
to only 3K bytes of storage required by the PASCAL program.
The execution time on a 256x256 image is 231.36 seconds for

the JTA program and 167.16 seconds for the PASCAL program.

Local Mode Filter

The local mode filter is a nonlinear operation useful for
noise suppression in images also. The filter modifies each
image pixel to reflect the most frequent (mode) gray value
within a small neighborhood of each image pixel where the
neighborhood is defined by the configuration of the filter.
This filter can remove noise from an image without introducing
errors in step or ramp edges. Furthermore, it is usually more
responsive to local image context than the median filter. For
example, assume the image depicted on the next page in Figure
5.5 is to be filtered and the image pixel under modification
is in the center. Without additional knowledge of the image
gray values, the logical choice for the new gray value would
be either one or seven. The local mode filter will chose one
of those values. However, the median filter will chose three,

essentially ignoring the ccntext of the image neighborhood.
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Figure 5.5: Image for Local Mode Filter Example

Figure 5.6 shows a PASCAL implementation of the local

¢ ¢ ¢ T g

mode filter with the input/output routines necessary to make

the program into an executable module. The algorithm for this
filter is nearly identical to the median filter. The only
difference is that the image pixel gray value is updated with
the mode, rather than the median, of the histogram.
Figure 5.7 shows the same algorithm written in the image
algebra. This implementation is similar to the image algebra
‘ description of the median filter. After the declarations and
obtaining the input image, A, this algorithm initializes three
images to zero: B, which is used to hold the frequency of
pixels within each neighborhood at a gray level; C, which is
used to hold the maximum frequency of pixels within each
neighborhood at a gray level; and R, which is used as the
resultant image. Image C is set to the median frequency
threshold at each pixel.

The remainder of the algorithm is iterated by gray level

from the minimum gray value to the maximum gray value in image
A. During each iteration, image B is gset to the frequency of

gray levels within the neighborhood of each pixel
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program Local_Mode_Filter (input,output); ﬁ$
. (% Let image A be a two dimensional, integer valued %) Qf
H?’ (* array of dimensions Image_Rows by Image Columns. %) \;

(s Let filter F be a 3x3 array of constant weight = 1. ¢!

(% Let H contain the histogram of the neighborhood %) N
(* assuming a maximum of 32 gray levels (0-31). %) gr
(% The result of the filter operation is image R. %) ﬁi
type Image = array (.1..256,1..256.) of integer; i;
Template = array (.1..3,1..3.) of integer; e

var A,R : Image; N
F : Template; LA
H : array (.0..31.) of integer: (* histogram %) 4
Image Rows, Image Columns,i,j,k,l : integer; "oy
max_val : integer; ST
%Include 'IO_PAS.PAS’ I~
begin (% program Local Mode Filter %) e
reset (input); T
rewrite (output); .
(t read image A from an external file %) o
GetImage (A,’input.img’,Image_Rows,Image_Columns); ?:
(* set the filter weights to 1 x) ;f
for i := 1 to 3 do A
for jJ := 1 to 3 do F(.i,J.) := 1; -
(% for each pixel in image A %) N
for 1 := 1 to Image_Rows do e
for j := 1 to Image_Columns do begin {}.

(¥ build a histogram of the neighborhood %) Iy

for k := 0 to 31 do H(.k.) := 0; o
. for k := -1 to 1 do —
for 1 := -1 to 1 do :?

if (i+k>=1) and (i+k<(zImage Rows) and S
(j+1>=1) and (j+l<=Image Columns) fi

then H{.A(.i+k,j+1.).) = H(.A(.i+k,j+1l.).) + 1; }?

(¢ find the mode of the histogram %) ="
max_val = H(.A(.i,J.).); ~

for k := 1 to 31 do ;::5_
if H(.k.) > max_val then max_val := H(.k.); Q?
(¥ find and place the mode’s gray value into image R %) ?ﬂ
for k := 1 to 31 do g?
if H(.k.) = max_val then R(.i,j.) := H(.k.); frollices

end; (% for j %) ~

(# write the resulting image an external file %) e
PutImage (R,’'output.img’,Image Rows,Image_ Columns); ﬁb
end. (% program Local Mode_Filter %) &@
R
Figure 5.6: PASCAL Implementation of a Local Mode Filter Kl
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Local_Mode_Filter

(% Let image A be a two dimensional, integer valued %)
(% array of dimensions Image_ Rows by Image Columns. %)
(* Let filter F be a 3x3 array of constant weight = 1. %)
(¥ The result of the filter operation is image R. %)

var A,B,C,R : image
F : template
x,dot : integer
begin
(¥ read image A from an external file %)
GetImage (A,’input.img’)
(* initialize the filter F=1 %)
ConfigTempMooreConst (F,3,3,1)

{(* initialize B = C = R =z 0 the same size as A ¥)
ConstImage (R,A.row,A.col,0)
B := C := R

for x := MinVallmage {A} to MaxVallmage (A} do begin
B := {A=x) (+) R

R := R v {{{BvC-C}>0}%x}

C := B v C

end (¥ for x %)
(* write the resulting image to an external file )
PutImage (R,’output.img’)

end.
Figure 5.7: Image Algebra Implementation
of a Local Mode Filter
equal to the present gray level of the iteration. Then, each

pixel having a frequency greater than the present maximum
frequency of that pixel, held by C, is updated with the
present gray level of the iteration. Thus, each pixel is
updated with the a new gray value as long as its frequency is
greater than the present maximum frequency for that pixel.
The final step of each iteration updates the maximum frequency
at each pixel.

Once again, a comparison of the two implementations shows
the programming advantages of the image algebra. As shown,

the image algebra version contains 10 lines of executable
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(non-comment) code compared to 20 lines in the PASCAL version.
This translates to 50% less programming required by the image
algebra implementation. Further, the object code of the IA
program needs 2K bytes of storage compared to the 3K bytes of
storage required by the object code of the direct PASCAL
implementation. Like the other two algorithms, changing the
size and configuration of the neighborhood is easier with the
IA version, too.

Inspection of the executable code size and the execution
time of these two prcgrams shows the disadvantages of this
version of the image algebra. The executable code size of the
IA program requires 18.5K bytes of storage compared to only 3K
bytes of storage needed by the PASCAL program. The execution
time on a 256x256 image is 203.82 seconds for the IA program

and 132.22 seconds for the PASCAL program.

Image Algebra vs High Level Language Routines

As can be seen by the previous examples, the power and
simplicity of the image algebra is tremendous. The image
algebra provides a concise notation for algorithm development
that removes the engineer’s attention to details required when
programming in PASCAL or some other high level language. This
notation allows the image processing engineer to concentrate
on building image processing tools rather than on writing and

debugging computer programs.

T N UL T
A Y AT A KO NATIENEN 'PT AL AN N ".f\-"

It Aat A= et Rl Bab Bak Sat Bed et Ball Tk Il lhah Tadh Bl Sk Sde Bl B R A SR Sl I

( o o . . - '- e . - . R '.- T et et . -
RIS R R A N S SR IO .

TrTEwE WY

...‘.y}." X

S

o fl"l
? )

IR R <
v’\. \"\ Vel ~ ’L"-}

« e . «
b ':‘l S0
B ‘_



code size (Kbytes) execution time (s3econds)

RN P
-J:: A program source object execute 16x16 64x64 256x256
S mean 1.5 2.5 3.0 2.03 7.44 92.52
C median 2.5 3.0 3.0 2.38 12.14 167.16
A mode 2.0 3.0 3.0 2.25 9.95 132.22 A
L ¢
¢
mean 1.0 1.5 18.5 5.85 11.63 103.41 e
I median 1.5 2.5 19.0 30.12 41.52 231.36
A mode 1.0 2.0 18.5 29.41 39.39 203.82

s %0 T W2

Table 5.1: Code Size and Execution Time for PASCAL and Image
Algebra Example Algorithms

» o8
s

Futhermore, accommodating arbitrary neighborhood sizes

and configurations is much easier to program into the image

algebra: merely alter the configuration of the templates.

Even though the IA provides increased programming

productivity for image processing routines, the size of the

executable code and slower execution times are significant

é detriments to this version of the AFITIA. Table 5.1 shows a

.
0.
o a

summary of the storage requirements and execution times for

the two versions of each image processing algorithm. The top

rl”"

set of data corresponds to the PASCAL implementation of each

algorithm, and the bottom set of data corresponds to the image

'(.l""."

algebra implementation. The table shows that both the source

»

v

»

code and object code sizes are smaller in the IA programs, but

the executable code size is much larger. This is due to the

. o, .-

linking of the entire library of 1A operations to each IA

,}’a

module whether or not each operation is needed.
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The execution times on 16x16, 64x64, and 256x256 binary
images show that the IA implementations are much slower than
the direct PASCAL implementations. The execution times of the
PASCAL implementations display the expected n?* increases in
execution time where n is the image dimension. Even though
Table 5.1 does not display n? increases in execution time for
the IA programs, this does not imply that the IA algorithms
are more efficient for larger images. The increased execution
time due to the larger images is hidden by the high execution
overhead from all of the procedure and function calls.

The AFIT image algebra operations and preprocessor should
be modified to reduce both of these problems. One method of
reducing the code size is to program the preprocessor so that
only those basic IA operations used by the program are linked
to the object code. Reducing the execution time of the IA
programs will be more difficult due the overhead involved in
procedure and function calls.

As was shown in the previous examples, the implementation
of an image processing algorithm in the image algebra can be
very different than its direct implementation in PASCAL. The
algorithm must be formulated differently for the two languages
because of the difference in elemental operations. Because
the TA forces an image processing engineer to approach the
programming from a new and very different viewpoint, it is

difficult to determine which method is easier to implement at
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once an engineer becomes familiar with
5-16

it is anticipated the IA formulation will

become easier and its implementation will be preferred.
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VIi. Observations and Recommendations

The image processing environment designed and implemented
in this project is a useful and highly flexible development
tool. Through the use of a preprocessing program, it is
capable of translating image processing algorithms, written
with image algebra operators and PASCAL control structures,
into executable programs. The entire process can be automated
through the use of a VAX command file.

The AFIT image algebra language and preprocessor allow
the construction of image processing algorithms with minimal
development time and programming effort. The actual program
code can be reduced by 45-70%, and the low level programming
details of each algorithm are managed by the IA language and
preprocessor. The AFITIA supports real and integer valued
images and templates, and the syntax of the IA source file is
relatively simple and flexible. The AFITIA support of all
PASCAL control structures provides an IA language capable of
performing any image-to-image transformation.

One major problem with this design appeared and remains

unresolved: complete software independence. The dependencies

of the preprocessor target language have not been removed from
the AFITIA language. Since the ultimate IA language will be
translated to many different computer languages, the image

algebra language must define and support program control
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statements common to the more popular high order languages.
Further research will provide valuable guidance about which
statements should be supported and the final form of the image
algebra language.

Some other shortcomings of this version of the AFITIA are
a lack of support for complex images and templates, the large
size of the executable code for each image algebra algorithm,
and their slower execution. The correction of these problems
through a more intelligent linking procedure and faster code
for the IA operations 1is highly recommended.

Another topic of interest stemming from this project is
the inherent parallelism of the image algebra operators.
Subsequent research could determine which operations are
amenable to parallel execution in either vector (1-D array) or
image (2-D array) processing architectures.

Overall, the blending of the image algebra developed at
the University of Florida with the AFIT preprocessor makes
significant progress toward a simple, powerful, and universal

image processing tool.




Appendix A: AFIT Image Algebra Operations

[environment(’riasoper.env’))
Modul e Real _JA_Operationrs;

(SESESEXSEESEEEREEREEESSSRSXSEEESIESEESISERISRISESSSSSISSESRLIRLSREIZISIRRIELS)
(3 This file contains all of the basic image and templ ate operations from B8)
(2 the Image Al gedbra developed for the AFATL, Eglinm AFB, FL. The routi nss )
(2 in this file ~re written for real valued images and temp!ates. A 2)
(2 number of AFIT extensions are included. %)
(TSSTETTEXTISITICSSSETLISELZESESSEESSRESSSRSISSSETIZTIERZTZESZERIEITSLZLIELLERE)

(2 global constants, types, and variables 3)
const MaxImageRow 22; (8 maximum i mage row di mension %)

MaxlmageCol umn 32; (% maximum i mage col umn di mension %)

MaxTempCel 100; (2 maximum number of template prxels 3)

Name len 80; (2 maximum length of file names %)

I mageType real; (3 data type of image gray vaiues z)

Templ ateType real; (8 data type of templ ate weights z)

Image = record (8 PASCAL implementation of image operand )
row : integer; (z image row di meansion %)
col : integer; (% image colums di mension 8)
gray : array (.1..MaxImageRow, 1.. Maxl mageCol usa.) of ImageType;
end; ' (3 image record 3)

Templ ate = record (% PASCAL imple=etation of templ ate operand 3)
num : integer; (2 number of pixels within the configuration t)
cfg : array (.1,.MaxTempCell.) of record (% configurationm %)

integer; (8 row offset of pixel %)
integer; (8 columm offset of pizxel 8)
Templ ateType; (% weight of pixel 3)
end; (% array record 3)
end; (% templ ate record x)

OoperStr = varyiagl3i) of char;

NameStr = varyi ng(Namelen] of char;

VR1, 1 R2,iR3,iR4,iPS : [mage; (s intermedi ate i mage operands %)

tR1,tRZ,tRI, tR4,tRS : Templ ate; {2 intermedi ate templ ate operands x)

dotval.mnval,maxval : ImageType; (s |1ntermeds ate scalar operands 3)
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$ (23253322 ILEESISSESESRIISSINESEISSESESISESSSSSISSSEESSSLEEERES82828388)
% ' 4 \:\". (s UNARY aod BINARY I MAGE OPERATIONS %)
o \J_\ (SE3XSSEESSEEEEESZERESISESSSERSISRNSSRSSIRLSSSSSSSSIESSSISEEEZSSE2433323323828)
~ function ImageEqQual ( A, B : Image) : boolean;
;::.' (% teturn true if A = B, poirntwse )
) var i,J) : ibteger;
, equal : boolean;
i.. begin (% function ImageEqual 3)

if (A.rowzB.row) aad (A.col=zB.col) thes equal := true else equal :: false;
[

o while (equal = true) amd (i <= A.row) do begin
‘.
~. 3 1=1;
o while (equai = true) and (j <= A.col) do begi»
":. if A.gray(.i,j.) <> B.gray(.i,).) then equal :: false;
) o1z ) ¢ 1,
O end; (% while ) %)
e (N A ¥
l end; (3 while i %)
S ImagekEqual : = equal;
‘d
) end; (% fuactios ImageEqual B3)
(S
.
procedure Comstimage ( var A : Image;, row,col : i1ateger; valuwe : ImageType),;
A
_::. (3 imtialize image A t0o 3 comstanat vajue: A : value %)
‘-J.' var i, : i1nteger;
'.::' begin (% procedure Constimesge %)
::J- A.row : : row, A.col ::= col;
* - for 1 :: 1 to row do
(_‘. for j = 1 to col do A.gray(.¢,;.) : - valwee;
- .
L end; (3 procedure Comstlimage 3)
-~
o .
-_{. functiom MaxvYallmage (A : [mage) I[megeType,;
?J: (% return the maximum pi 10l value 8 the ' mage 1)
s . .
vYar 1, ' ateger,;
" maxval imagoType;
r. begin (8 procedure Maxval image 3)
:'. ®arval . A.gray(.1,1.),
- for « :: | to A.row do
l‘l
HJ for I to A.col deo
4
ks s f A gray(.:i,3.) » maxval then aatval A gravyt.i.y.),
. Maxval Image marval,
;- end, (8 procedure “MayvYal lmage 8)
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function Mavallmage (A : lmage) : ImageType;

(3 returs the moimum pixel value in the image %)

vYar i,Jj : integer;
maval : lmagetype;
begia (% procedure M avVallmage 3)
maval :: A.gray(.1,1.);
for i :3 ) to A.row do
for ) := 1 to A.col do

if A.gray(.i,j.) < moaval thes maoval :: A.gray(.i,j§.);

M avalimage : = maval;
end; (% procedure Maval Image 3)

procedure AbsVallmage ( A : Image; var

C : Impge);

(38 absolute value of the 'mage: C = [ Al 8)

Var i,) : integer;

begin (2 procedure Adsval Image 3)

C.row : = A.row; C.col := A.co};
for i := 1 to A.row do
for J := 1 to A.col do C.gray(.i d.)

end; (8 procedure AbsVal Image 3)

1= abs (A.gray(.i1,j.));

procedure ImageAdd ( A, D : [mage; var C : lmage);

(3 porntwmse 1 mage 2dditiom: C = A ¢+ B %)

var 1,) : 1Bteger;
beg:» (8 procedure ImageAdd )

1f A.row >: B.row them C.Tow :z A.rtow el se C.row := B.row;

! A.col >»: B.col thes C.rol :: A.col

for + :: 1 Vo C.row do
for y :: | to C.col do begia

1l (v <2 A row) a8d (1 <= B.Tow) amd () <z A.col) amd () <= B.col)
them C.gray(.iv,5.) = A.gray(.1,).

else C.col := B.col;

) ¢ B.gray(.i,3.);

1€ () > A.row) or () > A.col) thes C.gray(.1,).) = B.gray(.1,).);
tf (v > B.row) or (5 > B.col) thea C.gray(.i1,).) = A.grayt.i1,3.);
end; (8 for ) do 8)
end;, (8 procedure [mageAdd 3)
procedure [magesSubtract ( A, B - [mage; var C : mage);
{2 poratw se mage subtractioa. C A - B B
var 1, yRteger;
begin (8 procedure ImageSubtract 1)
if A.rTow : B.fow them C.row - A.row else C.row : : B.row
vf A.col > B.col thena ¢.col - A.col eise C.col :: B.col,.
for I to C.row do
for 1 to .col 40 beg: n

vf (¢ Alrow) amd (1 <: B.row) aad (3 <: A.col) amd (3 <= B,col)

thea C.grayC.v,3.) - A.gray(.i.,).

vf (» > A.row) or () > A.col) thes
1 (v > B.row) or () > B.col) thea
end, (8 for ) do B8)

ead, (8 procredure !megeSubtract )

) - Bograyt.a1 ..}

C.qray(.14).) 1= ~B.grayt.i1,J.);

C.gray(.1,).) = A.grayt.2,3.),




procedure ImageMultiply ( A,B : Image; var C : Image);

(2 pointwise image multiplication: C = A X B 8)

var i,J : integer;

begin (2 procedure ImageMultipiy 3)

if A.row >z B.row thes C.row : =z A.row else C.row :z B.row;
if A.col >= B.col them C.col :z A.col else C.col :z B.col;
for i :z 1 to C.row do
for 3 :z 1 to C.col do degin

then C.gray(.i,j.) := A.gray(.i, j.) 8 B.gray(.i,j.)
clse C.gray(.i,j.) := 0}
end; (% for j do 8)

ead; (3 procedure ImageMultiply %)

procedure ImageDivide ( A, B : Image; var C : Image);
(% pointwise image divisioa: C = A/ B %)
var i,) : ioteger;
begin (2 procedure ImageDivide %)
if A.row >z B.row then C.row :z A.row eise C.row := B.row;
if A.col >= B.col them C.col := A.col else C.col := B.col;
for i := 1 to C.row do
for j := 1 to C.col do
if (i <= A.row) and (i := B.row) amd (j <3 A.col) and
() <= B.col) and (B.gray(.i,j.) <> 0)
thes C.gray(.i,j.) := A.gray(.i,j.) / B.gray(.i,j.)
else C.gray(.i,j.) := 0;
end; (3 procedure ImageDivide %)

procedure TmageExponent (A, B : Image; var C : Ilmage);

var i,y )k : integer;

begia (% procedure ImageExponent 2)

C.row : = A, row; C.col :: A.col;
for i := 1 to C.row do

for j := 1 to C.col do

if Agray(.i, ).) <> 0 them C.gray(.i, j.) := to(abes(A.gray(.i,j.)))

else C.gray(.i,j.) := O}
ImageMui taply (C,D,C);
fer » .z 1 to C.row do
for ) := 1 to C.col do C.gray(.1,).) :: exp{(C.gray(.1,3.));
for i ::= 1 to C.row do
for ) := 1 to C.col do begin

»f (A.gray(.1,).) ¢ 0) and (C.gray(.3,3.) ¢> 0)
then C.gray(.i1,).) = 1 ' C.gray(.v,3.);

i f A.gray(.y,3.) = 0 thes C.gray(.1,3.) 2 0}
end; (% for ; do 3)

end;, (8 procedure ImageExponent %)
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procedure ImageMax ( A, B : Image; var C : Image);

(% return the pointwi se maxiosum of i mages A and B

var i, J : integer;
begin (3 procedure ImageMax %)

if A.row >z B.row thes C.row : = A.row else C.row
if A.col >= B.col them C.col :: A.coi else C.col
for i := 1 to C.row do

for j := 1 to C.col do begin

if (i <= A.row) amd (i <= B.row) asd () <= A.col) amd () <¢=

thea if A.gray(.i,j.) >= B.gray(.irj.) thes C.gray{.i,j.) :=
elge C.gray(.irj.) :=

if (i > A.row) or (j > A.col)

then if B.gray(.i,j.) > 0 thea C.gray(.i,j.)
else C.gray(.i,j.)

if (i > B.row) or (j > B.col)

then if A.gray(.i,j.) > 0 then C.gray(.i,j.)
else C.gray(.i,j.)

end; (% for j do %)

end; (% procedure ImageMax %)

procedure ImageMn ( A, B : Image; var C : Image);
(% return the pointwise minisum of i mages A and B:
var i, : iateger;
begin (% procedure ImageM n t)
if A.row >= B.row thenm C.row := A.row else C.row
if A.col >= B.col them C.col := A.col else C.col
for i := 1 to C.row do
for 53 := 1 to C.col do begin

B.gray(.isj.)

[H

A.gray(.i,).)

C = ma (A B)

tz B.row;

iz B.col;

if (i <= A.row) amd (i <= B.row) amd (j <= A.col) and (j <= B.
then if A.gray(.i,j).) <= B.gray(.i,j.) them C.gray(.i,j.) :=

else C.gray(.irj.) :=

if (i > A.row) or (j > A.col)

then 1 f B.gray(.i,j.) ¢ O then C.gray(.i,j.)
else C.gray(.i,J.)

1f (i > B.row) or (j > B.col)

then if A.gray(.i,y.) ¢ O then C.gray(.i,j.)
else C.gray(.i,).)

end; (3% for ) do 32)

end; (3 procedure ImageMMn 3)

B.gray(.i,j.)
0;

A.gray(.i,j.)
0;

C = max (A, B) B8)
:z B.row;
= B.col;

B.col)

A gray(.i j.)
B.gray(.isj.);

T)

col)
A.gray(.i,j.)
B.gray(.i,i.);
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z
procedure Charimage ( A : lmage; operator : OperStr; B : Image; var C : lmage); ‘.:
- (8 returs a binary image with pisgelnzl for A [ ¢, <=,3,2,>x ] B true 8) .::
y';} (% This procedure does not use image algebdra primitives in order to s) :5
* (% reduce the memory a3nd computational requirements of the routiae 8) !
var i,J : integer; _'?;
begin (% procedure Charlmage %) ‘(
C.row : = A.row; C.col :3 A.col; et
if operator = *<¢* then P,
for i := 1 to A.row do '»\‘
for j := 1 to A.col do 2
At A Eray(.is;i.) ¢ B.gray(.i,j.) them C.gray(.i,j.) := b
else C.gray(.ij.) 13 O} \,’
it operator = *<¢x' then :‘..o-
for i := 1 to A.row do a’
for j := 1 to A.col do >
A Eray(.iy j.) <= B.gray(.i,j.) thee C.gray(.i,j.) := 1 ‘
else C.gray(.i ;i.) := 0; -
if operator = *z=' then r.-
for i := 1 to A.row do :.\-
for j := 1 to A.col do :\
it A.gray(.i,i.) = B.gray(.i,j.) thea C.gray(.i,j.) := ,“
else C.gray(.i,).) = 0} .f\
if operator = *>z' then
for i := 1 to A.row do :\
for j := 1 to A.col do ::
i f A.Eray(.i j.) > DB.gray(.i,j.) them C.gray(.i+j.) := 1 o
else C.gray(.i,4.) 1= 0O; ':
if operator = '>' thes :‘h
‘ for i :2 1 to A.row do
for J) := ) to A.col do :'. '
if A.gray(.i,3.) > B.gray(.i,4.) them C.gray(.i,J.) 2 1 "
else C.gray(.i,J.) :* 0} ,':
end; (% procedure Charimage 3) ::
-
procedure [mageDot ( A, B : Image; var Sume : I[mageType);
(8 dot product of two images: resuvlt :: A (dot) B 8) ):'
var 1,),RowMax, Col Max : 1 Bteger; -:.
begin (8 procedure |magedot 38) '::
11 A.Tow >: B.row then ROWEAI :: A.row ¢lse RowMax : : R.row; ';*.
'f A.col >: B.col them ColMax :: A.col else ColMaz :: B.col, .".\
Sum : - 0
for » :> 1 to RowMax do A
for 5 :° 1 to ColMax do begin "..'.
1f (v ¢ A.row) and (1 ¢: B.row) amd () ¢<: A.col) amnd () < B.col) :;
then Sum :* Sum ¢ A.gray(.s3,5.) 8 B.ECay(.1,3.); \:-‘
end; (8 for ) do ¥) '
Result - Sum
end, (8 procedure |mageDot 8)
x
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(SSS23SESS22ES8SESS2SEESEESSEEINSSSEEESESRRURESSESERSEEEEEEESSNXSESEESENERE)
(s UNARY and BINARY TEMPLATE OPERATIONS %)
(3333232235333 R2SR2SSSSSESSSSSSESSILESESSNISIRRSISERSE)

procedure Confi gTemplConst ( var A : Template; Col : inateger; value : Templ ateType);
(%8 imatializc 3l pizels 1a the | 1 Col horizontal template to value 3)
(% the center s assumed to be the physical ceoter of the configuratiom 3)
var J,cat : integer;
begia (& procedur~ Confi gTempNConst =5)

(8 imitialize the templ ate configuration to 2ero )

for j) := 1 to MaxTempCell do bdegin

A.cfg(.y.).r 1= 0]

A.clfg(.).).c = O

Accfg(.).).w 2 0O;

enu, (8 for ) do 3)

cat :: 0;

for j 1z -{(Col div 2) to (Col dav 2) do beqim

cmt = cat ¢ |,

A.clfgl.cat.).r :: 0;

A.cfg(.cmt.).c = )y,

A.cfgl.cat. ). w ' = valwe;

ead;, (% for , do 8)

A.nem : * cat;

end;, (2 procedure Coaf) gTemplConst 1)

procedure Conf)gTempvConst ( var A : Template, Row : 1ateger; value : Templ ateType);
(8 imitialize all prxels 18 the Row x| vertical template to value 8)

(8 the center 15 assumnd to De the physical cester of the configuration 8)

var »,cmt . i mteger;

begia (8 procedure Coaf: gTeaphitonnt 8)

(8 vmitialize the templ ate configuration to zero 8)

for 1 I 1o MarTempCeil do begi n

A cfgC.a.).r 9,

A cfgt. .y ). ¢ 9,

ALcfgl. ). w 0.

end, (8 for 1+ de 8)

[ 1} 0.

faor (Mow 41 v 1) 1o (%ow div 2) de begi n
[ 1 cAL s 1,

A cfgt cmt. )1 [

A.cfgt cmt. ). ¢ -

A.cfgl cat. ) w © val we

enad, 1% for ; do 8

A Bue N LI

end, (9 procedure onf, Tempriaonnt 8
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procedure ConfigTempMooreConst (var A: Templ ate; Row, Col:iateger; value : TemplateType); f\.’

- (& imitialize all pixels ia the Row Dy Col Moore templ ate to value 2) e,
) L)
O (8 the cester is assumed to be the phbysical center of the configuration %) > ]
Yar iyJiCat : 1nteger; —

begin (% procedure Confi gTempMooreConst 83) .‘:."

(8 imtialize the templ ate configuration to zero %) \..::
for i := 1 to MaxTempCell do Degin .

A.ctg(.a.).t 13 0 L)

i9et e

Accfg(.i.).c 12 0; AN

A.cfg(.i.).w:2 0;
end; (3 for i do 8)

CEEA

cat = 0;
for 1+ :3 -(Mow i v 2) to (Row div 2) do f‘...
for ) :: -(Col thv 2) to (Coi div 2) do begia ‘:f
cCAt : = cat ¢ 1; ."
A.cfgl.cor.).r 2= 1,
A.cfg(.cmt.).c = §,; 0\
A.cfg(.cnt.).w : = value; :.';
end; (3 for j Go %) ::;
A.8um :z cat; vy
end; (8 procedure ConfigTempMoorecConst %) "’
procedure Confi gTompYNConst (var A : Template; rad : integer; value : Tewmpl ateType); [N
(8 181tialize 3 Yoa Neumann templ ate configuration of radivs rad to value 3) \;'_'
(% the cemter 18 assumed to be the phAysical cemter of the comnfiguration %) :\;;-:
var i, number : inmteger; :\(_:
begi s (8 procedure Coafi (TempYNCORSt %) .'\$\
(8 rmtiralize the templ ate cuafrguration to zero 83)
for + :: 1] to MaxTempCel) do begim ,-_
AccfgC.h.).r 2= 0, A.cfg{-1.).¢c :: 0O; ':»:'.
Accfg(.v.).w :~ O, :::\:
end; (8 for | do 1) :I.-'
auaber : . o; ::':
for 1+ :: -rad te -1 do begina
sumber : : aumber ¢+ |; )\'
A.cfg(.avuaber.).r - 1, A.cfg(.oumber.).c : - ['H '-\"
Acclg(.sumber.). w - value, ,::
end;, (8 for 1 do 3) ':-',"
for » -rad to rad do begim .,‘_:
asumber ' - pumber ¢
A.cfgl.aumber.).r 0. A.cfg(.number.).c .+ ; ::'\-
A cfgt. pumber. ). w val us, RS
end, (8 for 1 do t) e
for I to rad do begi a ":-\
nuaber - - sumber + 1, .\'.'::
A.cfgl. number. ). r 1, A.cfg(. aumber. ). ¢ : 0.
A.clgl pumber. ). w © val ue, D,
ead; (8 for + do 8) R,
A . sum nuamber ::;:: 4
ead, (8 procedure coaf)igtempyNConat 8) :;" :
(]
o
G
R
"
S
) o
N




procedure TempAdd { A, B : Template; var C : Template);
(2 pointwise 3d4dition of templ ates: C =z A® B, for AU B )
var cat:;cotA,cBtd : integer;
iatersect : booleaon;

begin (2 procedure TempAdd ¥)

C 12 A;

cat 3 A.num

for cuth :3 1 to B.num do begin

intersect : = false;

2 el ™ A

for cotA :x 1 to A.num do (% add iatersecting template pixels )

if (A.cfg(.cntA.).r = B.cfg(.cotB.).r) amd (A.cfg(.cntA.)
(intersect = faise) then bdegin
C.cfg(.cntA.).w : = A.cfg(.cntA.).w B.cfg(.cntB. ). w;
intersect :: true;
end; (% 1f intersect true 3)
if 1ntersect = false then begin (3 append nonintersecti ng
cat @z cBt ¢ 1;
C.cfg(.cot.).c := B.cfg(.cntB.).cC;
C.cfg(.coat.).r := B.cfg(.cath.).r;
C.cfg(.cat.).w :zx B.clig(.coth.).w;
end; (3 if intersect false then 3)
e0d; (3 for cath do 2)
C.sum : : caot;
end; (8 procedure TempAdd 3)

procedure TempsSubtract ( A, B : Template; var C : Template);

.c = B.cfg(.cotd.).c) and

rizels 8)

(% porntwase subtraction of templ ates: C = A- B for A UDBZ)

var cat,cntA,cntB : nteger;
1atersect : boolean;
begin (8 procedure TempSubtract )

C = A

cat : A.OUN

for cat® : - 1 to B.num do begin

1atersect : - falwse;

for cmtA ::= 1 to A.npum do (% subtlracy intersecting templ ate pixeis 8)

1 f (A.cfg(.cotA.). o B.cfg(.cnatB.).r) amd (A.cfg(.cptA.).c = B.cfg(.cmtB.).c) aad

{1natersect = false) then begin
C.cfg(.cntA. ). w : - A . cfg(.cntA.).w - B.Cfg(.COLB. ). w
Intersect :: true;

end; (2 1 f 108tersect true then :)

+f 1atersect - false then begin (3 append BoDI Btersect: ng
cnat cat ¢+ 1,

C.efg(.cmv. Y. ¢ ¢ B.ofgt.cot B ). c,

C.cfgt.cmt.).r - B.cfgl.cntB. }).r,

C.cfgl.cov. ). w @ -B.cfg(.cntd. ). w

end;, (8 1f intersect false then §)
end, (8 for cath® do %)
C.sum : - cbat,

end., (8 procedure TempsSubiract 8)

prLxels 8)
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procedure TempMuitiply ( A, B : Template; var C : Templ ate);
s (2 pointwwse multiplication of templ ates : C = AIX B, for A NDB )
h::} var c¢nt,cotA,cntB : integer;
begin (% procedure TempmMultiply %)
cat := 0;
for catA := 1 to A.sum do
for cot® := 1 to B.num do (3 multiply intersecting templ ate pixels ¥)
if (A.cfg(.catA.).r=D.cfg(.cntB.).r) and (A.cfg(.cntA.).c=B.cfg(.cnth.).c) then begin
cpt = cat + 1}
C.cfg(.cot.).r := A.cfg(.cntA.).r;
C.cfg(.cot.).c :=2 A.cfg(.catA.).c;
C.cfg(.cot.).w := A.cfg(.cntA.).w s B.cfg(.cntB.). w;
end; (% if 3)
C.num : = cat;
end; (3 procedure TempMuitiply )
procedure TempDivide ( AyB : Template; var C : Temp: ate);
(3 pointwise division of templates : C = A/ B, for A N B 3)
vYar cnt,cotA,cntd : ibnteger;
begin (% procedure TempDi vi de £)
cat := 0;
for cotA := 1 to A.num do
for cntB := 1 to B.num do (% divide intersecting templ ate pixels %)
if (A.cfg(.cntA.).rt=B.cfg(.cotB.).r) and (A.cfg(.chatA.).c=B.cfg(.catB,).c) then begin
cat = cmt ¢+ 1,
C.cfg(.cmt.).r := A.cfg(.cmtA.;.r;
C.cfg(.cot.).c := A.cfg(.cCatA.).c;
if B.cfg(.cotB.).w <> 0
. then C.cfg(.cot.).w 1= A.cfg(.CBAA. ). W / D.clfg(.CcotB.). W
else C.cfg(.cmt.).w := 0;
end;, (8 if 3)
C.num :: cot;
end; (8 procedure TempDi vide 8)
procedure TempMax ( A, 3 : Template, var C : Templ ate);
(8 pointwi se maxisum of templ ates C : msx (A, B), for A U B 8)
var cmt,CcntA,.contB : ateger,
1stersect ° booleas;
begin (8 procedure TempMax 8)
[+ A
cat A.Bum
(8 for each prael ' n template N 8)
for cmt® 1 to B.num do beg n
1atersect fal am,
for cmtA 1 to A.aum do (8 masi@mm?ze  pltersectling template pryels 8)
V(AL fgt . cntA ). C B.cfgl.cnt®. ). ¢) and (A.cfg(.cnrtA. ). r B.cfg(.cotB. ). 1) amd
(ratersect false) rthen beg:n
vl ALClfgl cBtA ). w < B.cfg(.cath. ). w then C.cfg(.CntA. ). w B.cfg(. cath. ), w
rBterset - tree,
ead. (8 ! 1 mtersect true them t)
o
N
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if intersect z false thea begin (2 append nonintersectiag pixels 8)
cat := cat ¢ };
C.cfg(.cmt.).r := B.cfg(.cnt8.).r1;
C.cfg(.cmt.).c := B.cfg(.cntd.).c;
if B.cfg(.cnth.).w > O then C.cfg(.cpt.).w :z A.cfg(.cath.).w
else C.cfg(.cnt.).w := 0O;
end; (% if intersect false thea 2)
end; (3 for cnt® do 3)
C.pum : = cot;

end; (3 procedure TempMax 3)

procedure TempMi o ( A,B : Template; var C : Template);
(3 pointwise mnisum of templates : C = mn (A, B), for A U B 3)
var cat,cntA,cnth : integer;
intersect : boolean;
begin (2 procedure Templn 3)
C 1= A}
cat - A.oum
(% for each pixel in template B 3)
for cath := 1 to B.num do begin
intersect := false;
for cntA :z 1 to A.num do (3 maximize intersecti ng templ ate pixels )
if (A.cfg(.catA.).c=b.cfg(.catd.).c) and (A.cfg(.cmtA.).r=zB.cfg(.cnth.).r) amd
(imtersect = false) then begin
W f A.cfg(.cntA.).w ) B.cfg(.catB.).w then C.cfg(.CatA.).w := B.cfg(.cath.).w;
iatersect : = true;
end; (3 if intersect true thes 3)
if intersect = false thes begin (% append nonintersecting pixels 8)
cat :: CcBt ¢ 1;
C.cfg(.cot.).r := B.cfg(.catB.).1;

C.cfg(.cmt.).c := B.cfg(.catB.).c;
if B.cfg(.catB.).w < 0 then C.cfg(.cot.).w := B.cfg(.cath.). w
else C.cfgl.cmt.).w := O,

end; (& 1l 1 ntersect false thes 1)
end; (% for cnth do %)
C.aum @ : cont;

end; (3 procedure Temp n 8)

procedure TempCirclePlus ( A, D . Template, var C : Teaplate),;
var s,cnt,cntA.cntB . 1 nteger,
duplicate - Dboole n,

tegia (8 procedurs empCitclePlun 8}

«nt 0.
(8 for each prxel ' n template B ¥1)
for ceth 1 10 . num de

(8 compute B{bx,by) 83 A(2x.a2Y) for template A centered 8}
(8 o B(Dbx,bdy) amd sume the product ;810 C{anedr,ay¢by} 3)

for cuta = i to A.nus do beg:i n

duplicate false,
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(2 find the pixel! ip the templ ate configuration if it exists 2)

e for i :z 1 to cot do
oy if (Cocfg(.i.).r = A.cfg(.cBtA.).r ¢ B.cfg(.cntB.).r) and
(C.cfg(.i.).c = A.cfg(.cntA.).c ¢+ B.cfg(.cntb.).c)
then begia (% pixel already in template C configuration %)
C.cfg(.i.).w := Cocfg(.i.).w ¢ A.cfg(.cntA.).w s B.cfg{.catB.).w;
duplicate : = true;
end; (% if pixel found 8)
if duplicate = false then begin (¢t append nonintersecting p1xels %)
cat :: cot ¢ 1;
C.cfg(.cmt.).r = A.cfg(.cntA.).r ¢+ B.cfg(.corB.).r;
C.cfg(.cat.).c := A.cfg(.cptA.).c ¢+ B.cfg(.cntB.).c;
C.cfg(.cnt.).w := A, Cfg(.cntA.).w & B.Cfg(.cntB.).w;
end; (% if duplicate false 3)
end; (% for cat A do %)
C.oum : = cot;
end; (3 procedure TempCirclePlus %)
procedure TempCircleMax ( A, B : Template;, var C : Template);
var i,cat,catA,cnth® : integer;
duplicate : boolean;
begin (3 procedure TempCircleMax ®)
cat = O;
(%2 for each prxel 1bn template B 3)
for catBh ::= 1 to B.aua do
(%8 compute B(Dbx,dy) 3 Alax,ay) for templ ate A ceontered 3)
(2 on B(Dx,by) and maximze the product im C(axedr,aysby) 8)
for catA : = 1 to A.aums do Dbegina
. duplicate :: false
(% find the prxe! ' m the templ ate configurationm if 1t exiats 8)
for + :: 1 to cat do
b (C.ocfg(.i.).r = A.cfg(.cmtA ). r ¢ B.cfg{.cutB.).r) and
(C.cfg(.i.). ¢ = A.cfg(.catA.).c ¢+ B.cfg(.coth.).c)
then begrn (3 pirxel already 12 template C configuration 1)
of A.cfg(.cotA. ). w i B.cfg(.cotB.).w > C.cfgl{.1.).w
then C.cfg(.1.). w A.cfgt.cotA. ). w B B.clfg(.cutB. ). w
duplicate true,
end, (8 ! pixel found )
o duplicate falne them begin (3 append nonintersect,ag previs o
«mt [ I
Cocofgl . oocmt. ) A.cfgl.cava ) .1 o R ofgl. . ntl. ). ¢
Coorgl oAt )« AL g entA 5 v B ol ALR
AT T AL fgl cntA T w B R Pl I DLE W
end. 8 o f Juplcate false 3
end. (83 for int A Jdo )
‘. AU rnt,
end, (8 procedure Tempt i rTclomMay 8}
'-,-

=




procedure TempCi

Yar 1,cnt,CRB1A,
dupticare

sf.}

rcilern ( A, B : Tempiate, var C : Template);
coth : ateger;

bdool ean;

begia (¥ procedure TempCircleM g 3)

cnt :x 0;

(%2 for each pi
for cath :: 1
(% compute B(

el 18 template 3 3)
to b.sum do

DX, by) 3 A(ax,ay) for template A Centered B

(8 om B(DI, DY) 28d mDimze the prodest im C(axebs,ayedy) 3)
for CatA 7 1 to A.num do begi n

duplicate ::
(8 fimd the

false;

PrIel 1B the template confiduration 1 f 1t exrsts 8)

for 1 :: 1 to cmt do
v (Cocfgt.v ) e A.cfgl.cntA. ).t » B.cfgl.cntB.).1) and
(C.cfgl..). ¢ A.cfg(.cavA. ). c ¢+« B.cfg(.cntB.).¢c)
then B2 R {2 BLRS eliveds i m Trmpi er® L Lountigulation 3
il A CcfE{.cotA. ). w s B.cfg(.cotB. ). w ¢ C.cfg(.1.).w
thew C.ofgt . . ). w A.cfgl(.cataA. ). w B B.cfg(.cath. ). w

dupl i cate

end, (8 ,

t dupi care
(o 3} el
Coofgl cmy
Coofg. owL
oot g o cmt
ond. (9 . f

end. 8 for

t hum nt
. *na T protey

Pro: sdure Tompsyq
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Japr . ate
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f pixel fouad ¢)

falne thea begim (8 append BOB: ptersec.i 8¢ prEels 8}

LI

).r Acfgd cRtA .1 ¢ B.ocfg(.cmtB. T,
[ A cfg! cmtA v BTl (mtB. ) .
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1f duplicate : false then begin (2 append nom ntersecting prxels 2)

cat = cat ¢+ 1,

C.cfgl(.cmt.).r := A.cfg(.catA.).r o B.cfg(.cnth.).r;
C.cfg(.cmt.).c = A.cfg(.catAa.).c ¢ B.cfg(.cnth.).cC;
C.cfg(.comt.).w 1= A.cfg(.cBtA.}).w ¢ B.cfg(.cath.).w

end; (2 1 f duplicate false 3)
end; (8 for cat A do 3)
C.num @ = cot;

end, (8 procedure Temp3gquareMasz 8)

procedure TempSquaredMn ( A, B : Template; var C :
var 1,cot,cotA,coth : integer;
dQuplicate : Dboolean;
beg:n (3 procedure YempSquareMn %)
cny 0 0
(s for #2arh brxel '+ n tempnl ate R 8)

for cot® :- 1 to B.num do

Templ ate);

(8 compute B(Dx,by) * A(ax,ay) for templ ate A centered %)

(% on B(bx,dy) and mnoimze the sum 1a C(axebx,ay+dy) z)

for cetA :: 1 to A.num do begin

duplicate : = false:

(2 find the prxet in the tempi ate confi guration if

for v+ :: 1 to cot do

1f (Cocfg(.1.).1 = A.cfg(.cotA.).r » B.cfg(.cntB.).r) and

(C.cfg(.i.).c = A.cfg(.cntA.).c + B.cfg(.cntB.).c)

then beg:in (2 pixel already in template C configuration 2)

if A.cfg(.cotA.).w ¢+ B.cfg(.cntB,).w ¢ C.cff(.i.). w

then C.cfg(.1.).w = A.cfg(.cntr.).w ¢ B.cfg(.cnth.).w;

duplicate = true;

end; (8% 1f pixel f..nd 3)

i1f duplicate - false then bdbegin

cat = cat ¢ 1,

C.cfg(.cmt.). v := A.cfg(.cntA.).r ¢ B.cfg(.cntB.).r;
C.cfg(.cmt.).c := A.cfg(.cntA.).c ¢+ B.cfg(.cmtB.).c;
C.cfg(.cot.).w :: A.cfg(.cntA.).w ¢+ B, cfg(.cntB.).w;

end; (% i f duplicate false 3)
end; (¢ for cut A do 1)
C.noum @ - cat;

end, (% procedure TempSquaredMin %)

procedure TempScalar™Multiply (A : Templ ate; value

(3 multyplication of am 1 mage by a scalar: C : A x

var cnt . i1nteger,

beg)rn (8 procedure TempScal arMultyply )

c . A

for cmt : 1 to A.num do C.cfg(.Ccntl.). w cootg

end, (8 procedure TeapScalarMyltiply )

Templ ateT:pe;

val ue )

it exists 8)

var Toemp. ste

s
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(233X AILILISSLISITSLIIIZLIZIIZZINLISSEISATISISRISSSSIZLESSISISISTLIBELE2S)
(s BINARY IMAGE - TEMPLATE OPERATIONS 3)
(SSESXTETEXTTILILLISSEEASRISLSRILTIZTAZRIEIZIZLSSSLISIZESETXSEEZISETRTTLEXES)

procedure ImageTempCirclePlus ( A : Image; B : Template; var C : lmage);
(% convolve A with templ ate B8 3)
var Rowy Col,i,jscnt : integer;
Sum @ ImageType;
begin (3 procedure ImageTempCircleflus )
C.row := A.row; C.col :z A.col;
for Row := 1 to A.row do
for Col := 1 to A.col do begin
(3 sum the products of image pixels and overlayed template pixels 5)

for cat := | to B.num do begin
i 1= B.cfg(.cat.).r; j := B.cfg(.cnt.).c;
if ((Rowti>=1) and (Rowti <zA.Tow) and (Col +j>=1) and (Col +j<=A.col))
then Sum := Sum + A.gray(.Rowti,Col+j.) % B.cfg(.cnt.).w;
end; (% for cnt do %)
(% set the new pixel value equal to the sum %)
C.gray(.Row, Col.) := Sum
end; (2 for Col do %)
end; (3 procedure ImageTempCirclePlus x)

procedure ImageTempCircleMax ( A : Image; B : Templ ate; var C : Image);
var Row, Col,isjscat : integer;
MaxVvVal : ImageType;
begin (3 procedure ImageTempCircleMax %)
C.row := A.row; C.col := A.col;
ConstIimage (C,A.row; A.col,0);
(%2 for each pixel position x)
for Row := 1 to A.row do
gor Col := 1 to A.col do bdegin
(% set maxval to the product nf present image pjxel and templ ate pixel center %)
cat := 1;
while (B.cfg(.cnt.).r <> 0) and (B.cfg(.cnt.).c <> 0) do cnat
if (B.cfg(.cat.).r = 0) and (B.cfg(.cat.).c = 0)

1= cat + 1;

then Maxval := A.gray(.Row,Col.) % B.cfg(.cnt.).w (% templ ate center defi ned %)
el se Maxval := 0; (% templ ate center undefined x)
(X search for the local maxi mum product x)

for cnt := 1 to B.num do begin

i = B.cfg(.cnt.).r; j := B.cfgl.cnt.).c;

if ({(Rowti>=z1) and (Rowti (=A.row) and (Col +j>=1) and (Col +j<=A.col)) then
if (A.fr3ay(.Rowti,Col¢j.) 8 B.cfgE(.cnt.).w) > MaxVal
then Maxval := A.gray(.Rowti,Col+j.) g B.cfg(.cot.).w;

ead; (% for ~nt do x)

(2 set the pew pixel value equal to the maxi mum %)

C.gray(.Row, Col).) := MaxVal;

end; (% for Col do %)

end; (3 procedure ImageTempCircleMax x)
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procedute ImageTempCircierMa ( A : Image; B : Template; var C : Image);
" var Row,Col,i,j,cat : integer;
'&% M oval : ImageType;
begin (2 procedure ImageTempCircleMn 3)
C.row : = A.row; C.col :3 A.col;
Constlimage (C,A.row, A.col,0);
(x for each pixel position %)
for Row := 1 to A.row do
for Col :z 1 to A.col do begina
(% set minval to the product of present image pixel and template center pizxel X)
cat =z 1}
while (B.cfg(.cnt.).r <> 0) and (B.cfg(.cnt.).c <> 0) do cnt := cnt ¢ 1;
if (B.cfg(.cnt.).r = 0) and (B.cfg(.cot.).c = 0)
thenm MinvVal := A.gray(.Row,Col.) % B.cfg(.cnt.).w (% template center defined %)

el se Minval := 0; (% templ ate center undefi ned x)

(% search for the local minimum product x)

for cat := 1 to A.num do begin

i 1= B.cfg(.cot.).r;

J iz B.cfg(.cot.).c;

if ((Rowti>=1) and (Rowti <zA.row) and (Col+j>=1) and (Col¢+j<=A.col)) then
if (A.gray(.Rowti,Col+j.) 3 B.cfg(.cnt.).w) < Minval
then Minval := A.gray(.Rowti,Col+j.) % B.cfg(.cnt.).w;

end; (% for cnt do %)

(% set the new pixel value equal! to the m ni mum %)

C.gray(.Row,Col.) := Minval;

end; (% for Col do 3)

end; (¥ procedure ImageTempCircleM n 3)

‘ procedure ImageTempSquareMax ( A : Image; B : Template; var C : Image);
var Row, Col,i,j,cnt : integer;
Maxval : ImageType;
begin (% procedure ImageTempSquareMax %)
C.row : = A.Tow; C.col := A.col;
ConstImage (C,A.Tow, A.col,0);
(%2 for each pixel position %)
for Row := 1 to A.row do
for Col := 1 to A.col do begin
(% set maxval to the sum of present image pixel and templ ate pi xel center =)
cat := 13
while (B.cfg(.cnt.).r <> 0O) and (B.cfg(.cnt.).c <> 0) do cpt := cmt + 1;
if (B.cfg(.cat.).r = 0) and (B.cfg(.cnt.).c = 0)
then MaxvVal := A.gray(.Row,Col.) + B.cfg(.cnt.).w (% templ ate center defined x)
el se MaxVval := A.gray(.Row,Col.); (% templ ate center undefinrd )
(% search for the local maximum sum %)
for cnt := 1 to B.num do begin
i := B.cfg(.cot,).r; j 1= B.cfg(.cni.).c;
if ((Rowti>=1) and (Rowei (=A.row) and (Col+j>=1) amd (Col+j<zA.col)) then
if (A.gray(.Rowti,Col+j.) ¢ B.cfg(.cnt.).w) > MaxvVal
then MaxVval := A.gray(.Rowti,Col¢+j.) + B.cfg(.cnt.).w;
end; (% for cot do 3)
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(% set the new pixel value equal to the maxi mum %) B
A C.gray(.Row; Col.) :3 Maxval; :\
’.-:;' end; (2 for Col do 1) SN
T end; (% procedure ImageTempSquareMax 3)

l" 4
procedure ImageTempSquareMino ( A : Image; B : Template; var C : [mage); :’{
var Row, Col,iri,cnt : integer; ‘,

Mnval : ImageType; .'
begin (X procedure ImageTempSquareMin ) j
C.row := A.row; C.col := A.col;

ConstImage (C,A.TOW, A.col,0); ',‘-
(2 for each pixel positioa %) '_'_
for Row :z 1 to A.row do ;:.
for Col := 1 to A.col do begin s
(2 gset minval to the sum of present image pixel and templ ate center pixel 2) ,-f'
cat := 1; s
while (B.cfg(.cnt.).Tr <> 0) amd (B.cfg(.cnt.).c ¢> 0) do cat := cnt + 1; s
if (B.cfg(.cnt.).r = 0) and (B.cfg(.cnt.).¢c = 0) ."\
thep MinvVal := A.gray(.Row,Col.) + B.cfg(.cnt.).w (2 templ ate center defined 3) \
else M nval := A.gray(.Row, Col.); (2 templ ate center undefined 3) I
(%2 search for the local mipnimum sum %) >4
for cat := 1 to B.num do begin =

i := Becfg(.cnt.).r; bei”

j := B.cfE(.cnt.).c; S

if ((Rowti>=1) and (Rowti <zA.row) and (Col+j>=1) and (Col+j<=A.col)) then :
if (A.gray(.Rowti,Col+j.) + B.cfg(.cnt.).w) < Minval ‘;'
then Minval := A.gfray(.Rowti,Col+j.) + B.cfg(.cnt.).w; :

end; (x for cnt do %) [a-

(% set the new pixel value equal to the mini mum %) -
C.gray(.Row, Col.) := MinvVal; .\. |
end; (3 for Col do 1) -
end; (% procedure ImageTempSquareMi n g) :::
end. (t Module Real _IA_Operations %) r::.

o

e

A

ot

\X 1

7

N

&

“‘

<

_‘j:::

e

s

N

A-117 :::::
et
=y

N

e e e




Appendix B: AFIT Image Algebra Preprocessor

pProgram ImageAl gebraPreprocessor (i nput,output);

(% This program reads a file containing the Image Al gebra description of %)
(% an i mage processing algorithm trans)ates it to VAX PASCAL source code %)
(3 aand procedure calls, amnd outputs the results to an external file for %)
(3 subsequent compil ation. This program is writtem ia VAX PASCAL. %)
(% Capt Christopher J Titus, Air Force Institute of Technology, GE-86D %)

(% global constants, types, and variables X)

const MaxNode = 50; (% wmaxi mum number of nodes in the binary tree %)
Bufferilen = 136; (% maxiwmum character length of IA command line x)
Namelen = 80; (% maxi mum character length of variable names x)
MaxNawes = 100; (%X maxi mum number of variable names of one type %)
Defaul tImage = 'real'; (% defanlt data type of image gray levels 2)

t ype

var

Defaul tTempl ate = 'real’; (% default data type of templ ate weights x)

BufferStr = varyi ng[Bufferlen) of char;

NameStr = varyi ng{NameLen] of char;

Intermedoper = record exist : boolean; end;

Tree = array (.1..MaxNode.) of record (¥ binary tree implemented with 3)
value : NameStr; (% a double linked list structure x)
parent : integer; (z using an array for data storage g)
Ichild : integer;
rchild : integer;
end; (% tree recorad x)

variablelList = array (.1..MaxNames,) of varyi ni(ua-u.en) of char;

iR1,iR2,iR3,iR4,i RS, tR1,tR2,tR3,tR4, tRS : IntermedOper;
Name, I ndent, TempName : NameStr;

buffer,ol dbuffer : BufferStr;

Imagelist, Templ atelist, ScalarList : variablelist;

Numl mageNames, NumTempl ateNames, NumScal arNames : integer;
InFile, TmpFile,Pfile : text;

Expression : Tree;

i,j)nodeptr, nodecnt,code : integer;

ImageType, Templ atetype : varying[7) of char;

Decl aredType : varying{4] of char;
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procedure AssigninterwmedResult (operitype : char; operator : NameStr;
var Result : NameStr);
(% assign an interwmedi ate result for the operation %)

&

begin (% procedure Assi gnlntermedResult I)
Result :=z ' *;
if (operator <> ':=') and (operator <> *.') thenmn begin
(% assign an intermedi ate result for the operation x)
if operitype = 'i' thes begin
(% operation is | mage-i mage, i mage-templ ate, image-scalar, or ubary &%)
(% image; the result is an image; assign intermedi ate i mage operands )
if iRl.exist = false
then begin Result := 'iR1’; iRl.exist := true; end
else if iR2.exist = false

then begin Result := 'iR2'; iR2.exist := true; end
else if iR3.exist = false
then begin Result := '"iR3I*; iR3.exist := true; end
efse if iR4.exist = faise
then begin Result := '"iR4’; iRA.exist := true; end
else if iRS.exist = false
then begin Result := *iR3’'; iRS.exist := true; end
el se begin
Result := *?2';
writeln;
writeln (?ERROR a0 more intermedi ate images available ERROR');
writeln ('ERROR expression can not be evaluated ERROR’);
end;

ead; (t if image operation %)

if operitype = 't’' thean begin
. (2 operation is tempi ate-templ ate or templ ate-scalar; the resuit 2)
(2 is 2 templ ate; releage intermedi ate templ ate operands x)
if tR1.exist = false
then begin Result := "tR1’'; tRl.exiast := true; end
else if tR2.exist = false
then begin Result := *tR2’; tR2.exist := true; end
else if tRI.exist = false
then begin Regult := *tR3'; tR3I.exist := true; ead
else if tR4.exist = false

then begin Result := 'tR4*; tR4.exist := true; end
else if tRS.exist = true
then begin Result := "tRS'; tRS.exist := true; end

el se begin
Result := *7%;
writeln;
writeln ('ERROR no more intermedi ate templ ates avail able ERROR’);
writeln ('ERROR expression can not be evaluated ERROR’ ) ;
end;
end; (% if templ ate operation %)
end; (2 if operator theas x)

end; (% procedure AssignintermedResult 3)




procedure Assi gnResults (operandl,operand2,operator : NameStr;
- var Result : NameStr;
z@ var express: Tree; nodeptr:iateger);

(% update the expressgion tree to reflect the result 3)

(% of the operation; release any intermedi ate results 8)

begin (2 procedure Assi ganResults 2)
if operator s ':=' then Result := operand2;
if operator = °',°? then Result := 'dotval’;
(% update the expression tree to reflect the operation resulit z)
express(.nodeptr.).vaiue ::= Result;
(% release unused intermedi ate operators 8)
if ((operand1='iR1') or (operand2='iR1')) and (Result<«>'iR1’) thes iRl.exist := falne;
if ((operand1="iR2') or (operand2:='iR2')) and (Result<>’'iR2’) then iR2.exist := false;

if ((operand1:='iR3') or (operand2='iR3')) and (Result<>’iR3') then iR3.exisgt :: false;

if ((operandil="iR4') or (operand2="iR4’)) and (Result¢>'iR4’) then iR4.exisSt := false;
if ((operandl='iRS') or (operand2=*iRS’)) and (Result<>’iR3’) thep iRS.exist ::= false;
if ((operandi='tR1') or (operand2="tR1')) and (Kesult<>'tR1’) thenm tRl.exist := false;

if ((operandl="tR2') or (operand2='tR2')) and (Result<>'tR2') then tR2.exist := false;
if ((operand1='"tR3') or (operand2='tR3')) and (Result<>'tR3’) then tR3.exist := false;
if ((operandl='tR4') or (operand2="tR4’)) and (Result<>'tR4’) then tR4.exist := false;
if ((operandil='tR3') or (operand2='tR5’)) and (Result<>*'tRS’) then tRS.ex1st := false;
if (operand1="7?') or (operand2='7') then express(.nodeptr.).value := *7?2;
express(.nodeptr.).lchild := 0;

express(.nodeptr.).rchild : = 0;

end; (3 procedure Assi gnResults %)

procedure BinaryOperation (var express : Tree; nodeptr : integer);
(8 write the binmary operation procedure calls to the output file %)
. var operator,operandi,operand2, Resuit, tempoper : NameStr;
operitype,oper2type, temptype : char;
begin (% procedure Bi naryoOperation %)
(% retrieve the operands from the binary tree %)
operandl := express(.express(.nodeptr.).lchild.).value;
operator : = express(.nodeptr.). val ue;
operand2 : = express(.express(.nodeptr.).rchild.). val ue;
(% determi ne the operand types x)
operitype : = ' '; oper2type ::= ' °*;
for i := 1 to NumlmageNames do begin
if operandl : ImageList(.i.) then operitype := 'i';
if operand2 - Imagelist(.i.) then oper2type :=z 'j?';
end; (% for 3 do x)

for i := 1 to NumTempl ateNames do begin
if operandl - Templ ateList{(.i.) then operitype ::= *t';
if operand2 : Templ atelList(.i.) then oper2type ::= 't';

end; (2 for i do 3)

for i := 1 to NumScal arNames do degin
if operandl = ScalarlList(.i.) thea operitype :: 's';
il operand2 : ScalarList(.i.) then oper2typ ::= 's’;

end; (2 for i do %)
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it operttype = ' ' then begin o
w operitype := *@’;
<N for i := 1 to length(operandl) do
if (operitype = 's’) and (operandi(i]) in [*-*,%0'..%9'])
then operitype := 's'

s

el se operitype := ' '}
end; (% if operitype thes %)
if oper2type = ' ' then begin

v 'fﬁv

oper2type := 's’;

for i := 1 to lemgth(operand2) do -
if (oper2type = 's’) and (operand2{il] in {*=-2,%0"..%9")) *
them oper2type := ‘s’ 7
else oper2type := ' '; ‘I-(‘
end; (% if oper2type then %) : ';.
if operitype = ' ' then
writeln ('ERROR ',operandl,’ is mot anm image, template or scalar operand ERROR'); _‘_
it oper2type = ’* ' then ::;
writeln (*ERROR ',operand2,' is not an image, template or scal ar operand ERROR’); \_
:}
it (operandl <> '?') and (operand2 <> °?’) them begin :-'
write (Pfile,Indent); ‘o
(% arrange the operands in the ;roper order: i-s,i-t,t-s %)
if ((operitype = ’s’') and (oper2type = 'i')) or : U
((operitype = *t’') and (oper2type = 'i’)) or Y
((operitype = ’s’) and (oper2type = 't’)) then begin ¢
tempoper : = operandl; .8
temptype : - operiltype; P

‘ operandl ::= operamdz; -

operltype : = oper2type;

operand2 :: tempoper; :
oper2type :@ = temptype; :‘
end; (% arrange operands %) “,
AssignlntermedResult (operltype,operator, Result); :
if (operitype = 'i') and (oper2type = 'i') then begin \-"
(32 image-i mage Dinary operations 3) _\‘.-
i operator(1] im [P4°,7 =, k0,0 /0 0yt 00,0 p 00 00,0, 050 ] -:.:;
then case operator{1] of :
t9' : writelm (Pfile,’Imageadd (',operandl,’,’,operand2,’,"’, Result,’);’); l‘
'-¢ : writeln (Pfile,'Imagesubtract (',operandl,’,’',operand2,’',',Result,’);"); .
18 : if (length(operator) > 1) and (operator[2] - re') .
then writeln (Pfile,’'ImageExponent ('*,operandl,’,’,operand2,’,’',Result,’);"’) \'
else writeln (Pfile,’ImageMultiply (',o0perandl, d"
', ', noperand2,’',"',Result,’);’); ':
1,9 : writeln (Pfile,’ImageDivide (',operandl,',’,operand2,’," ' ,Resuit,’);’); Sy
'v' : writelm (Pfile,’1mageMax (°',operandl,’',’,operand2,’',’,Result,’);"');
v-r . wryteln (Pfile,'ImageMin (*,operandl,’,*,operand2,’,’,Resutt,’);’); __
'.0 : writeln (Pfile,'Imagepot (*,operandl,’,’,operand2,*,dotval);’); ::‘-
't : writeln (Pfile,operand2,' := ',operandl,’';’); -'::




r.
r
»
»
L[]
K
otherwi se writeln (PFile,'Charimage (',operandl, .:
Ca " 's?'*,0perator,’’’,’,operandz,’,"’, Result,’);’); S
';{\3‘ end (% case operator %) W
el se begin
-~
wrj teln; e
N
writela (' ERROR operator ',operator,' does not exist ERROR’ ); X
»
writeln (®ERROR for i mage-i mage operations ERROR’ ) ; ,.“-
-~
operandl := *?'; operand2z ::= '?’; Fal
-
end; o

end; (% image-image binary operations %)

if (operiltype = 'i*) and (oper2type = *t’) them begin A
(%i mage-templ ate binary operations %)
if (operator(1] inm [(*(*,°([*])) and (operator{2) im [*¢','v',"~]) "
then begin "
if operator{1) = '(’ then
case operator[2) of

>,
N
*#' : writeln (Pfile,’'ImageTempCirclePlus (*',operandl, ‘.':
. ¥
'y?’,operand2,’,’,Result,’);"'); ::.h
'v? : writeln (Pfile,’ImageTempCircleMax (’,operandl, -.'"
“'y?,operand2,’';’,Result,’);’); w\'
?* : writeln (Pfile,’ImageTempCircieMin (’,operandl,
’,',operand2,’,’,Result,’);’); s
end; (% case operator ) ,':-
if operator{1l] =’[* then ':'-
case operator(2] of :'-'
'v) : writeln (Pfile,'ImageTempSquareMar (’,operandl, -.:,
j Bt
'y?',operand2,’,’,Result,’);’);
‘ YS' : writeln (Pfile,’ImageTempSquareM n (’,operandl, ?'
')',operand2,’,',Result,’);*); :
end; (% case operator %) *
end (3 if operator then %) o
el se begin ?\
writeln;
writeln ('ERROR operator ’',operator,’ does not exist ERROR? ); \
‘.
writelna (' ERROR for i mage-templ ate operations ERROR'); ‘2
operandl ::= '?'; operand2 ::= ’?*; 'J; ,
end; ~
-
end; (3 image-templ ate binary operations %) .,)
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X
'-"

if (operitype = "t') and (oper2type = ’'t') then begin
(32 templ ate-templ ate binary operations %)
if (operator{1] in [*e2,0-2, 080,80 /0,0yl ,0"0,0:0]) or
((operator{1] im [*(','(*]} and (operator{2) in (['"+','v',*""]))
then begin
if operator(1]) = '(’ then

case operator(2) of
'+? : writein (Pfile,’ TempCircliePlug (’,operandl,’,*,operand2,’,*,Resuit,’);"’);
sv) : writeln (Pfile,’TempCircleMax (’,operandl,’,’,operand2,’,’,Result,’);"');
14 : writeln (Pfile,’ TempCircleMin (',operandl,’,’,operand2,’,’,Result,’);");
end; (% case operator %)

if operator(1) = '({’" then

case operator[2) of
' writeln (Pfile,' TempSquareMax (’,operandl,’,’',oprrandi,’',’',Result,"');’);
*“% . writeln (Pfile,'TempSquareM n (',operandl,’,’,operand2,’',’,Result,’);’);
end; (%X case operator %)

if (operator[1i) im (*(',’[’))=false then

case

340

end;
o

operator{1) of

: writeln (Pfile,’ TempAdd (’,operandl,’®,’,operand2,’,’,Result,’);’);

: writeln (Pfile,’ TempSubtract (',operandi,’,',operand2,’,’,Result,’);');
: writeln (Ptile,’ TempMultiply (’,operandl,’,’,operand2,’,’,Result,’);*);
: writeln (Pfile,’ TempDi vide (*,operandl,’,’',operand2,’',’,Result,’);’);

: writeln (Pfile,’ TempMax (',operandl,’,’,operand2,’,’,Result,’);’);

: writeln (Pfile,"TempMin (’,operandl,’,’,operand2,’,",Regult,’);’);

: writeln (Pfile,operand2,’ := ’,operandl,’;’);

(% case operator %)

el se begin

wri tel
wri tel

wri te]

n;
n (' ERROR operator ',operator,’ does not exist ERROR’ ) ;
n (’ ERROR for templ ate-templ ate operations ERROR’ );

operandl : = ’*?'; operand2 := '?';

end;

en ; (2 templ ate-templ ate binary operations %)
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if (operitype = 'i’) and (oper2type = *s’) then dbegin
,;_\:‘ (z image~acal ar binary operations %)
S if operator(1) inm ['%*,* /% ,2¢*, =0 ,1)>1]

then case operator(1i) of

}

s’ : it (length(operator) > 1) and (operator{2] = '3')
then begin
writein (PFile,’Constlmage (', Result,’,’,operandl,’'.row’,

LS,

operandl,’.col,’,operand2,');"*); )

£

write (Pfile,Indent);

writeln (Pfile,'ImageExponent (*,operandl,?,’,Result,’,’ ,Result,?);’);

end

)

A

el se begin

writeln (PFile,’"Constimage (',Result,’,’',operandl,’.row’,

operandl,’.col,’,;operand2,’);’');

Wwh it

write (Pfile,Indent);

writelna (Pfile,'ImageMultiply (’,operandl,’,’,Result,’,’,Result,’);");

end; .-’
'/ : begin -~
writeln (PFile,’Constimage (', Result,’,’,operandl,’.row’, ::-‘
operandl,’'.col,’',operandz,');'); ::.
write (Pfile,Indent); ;.
writeln (Pfile,’ImageDivide (',operandl,’,',Result,’,’,Result,’');*);
end; R4
otherwi se begin \:.
writeln (PFile,’Constimage (', Result,’,’',operandl,’.row’, '::
operandl,’'.col,',operand2,’);"); :’
write (Pfile,!ndent); ':;
writeln (PFile,’Charimage (',operandl,
',?', operator,’*’,’,Result,’,’ , Result,’);"'); ."’_'-
end; (% case else %) ce
end (% case operator %) ::‘
.
el se begin t$
writeln; i
writeln (' ERROR operator ',operator,’ does not exist ERROR! ); .‘-
writeln ('ERROR for image-scalar operations ERROR’ ) ; .:f.
operandl := *?'; operand2 ::= '?'; "f-’
end; :’_"
end; (3 image-scalar binary operations %) :::
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it (operitype = "t*) aad (oper2type = 's8') then degin
(3 templ ate~-scalar bdinary operations %)

if operator(1) in ['x')

then cage operator{l) of
*s' : writeln (Pfile,'TempScalarMultiply ('.operandl,’,',operand2,’,’, Reault,’);*)}
end (& case operator %)

el se begin
writeln;

writeln ('ERROR operator ',operator,’ does not exist ERROR');

writeln ('ERROR for templ ate-scalar operations ERROR’ );
operandl := '?'; operand2z := '?’;
end;

end; (% temp! ate-scalar binary operations %)

if (operitype = 's’') and (oper2type = ’"s') then begin
(2 scalar-scalar binary operations 3)

if operator = *:=z¢

then writelin (Pfile,operand2,' := ',operandl,';*)

el se begin

writeln;

writeln (' ERROR operator ',operator,’ does not eXist ERROR' ) ;
writela (' ERROR for scalar-scalar operations ERROR' )
operandl := '?'; operand2 :: '?';

end;

end; (% scalar-scalar binary operations g)
end; (% if uperands <> ? thenm 38)

Assi gnResults (operandl,cperard2,operator, Result,express, nodeptr);
end; (3 procedure BinaryOperation %)

procedure UnaryOperation (var express : Tree;, nodeptr : integer);
(% write the unary operatiom procedure calls to the output file 32)
var operator,operandl,operand2, Result : NameStr;
operltype,oper2type : char;
begin (% procedure UnaryOperation 2)
(% retrieve the operand and operator from the binary tree x)
operator : - express{.nodeptr.).val ue;

if express(.podeptr.).lchild <> O

then operandl :: express(.express(.nodeptr.).lchild.). val ue
else operandl :: express(.express(.nodeptr.).rchild.).val ue;
operand2 := ' ';

B-8

TWUNTY CW T Lw Y
IM.'
-~
-~

d

A &4

P AT A

-

oy

o ’\‘\'s R

AL
)

BN

P ‘J.‘J' P

2L
A

r““‘;"“"-’ﬂ" -,:

]

P

R
48 YN

I’

'*’A'.'.,‘
L

4 %y

-
-
\




(2 determ ne the operand type %)
n, operitype := ' '; oper2type ::z ' *';
k." for i := 1 to NumimageNames do if operandl = Imagelist(.i.) then operttype := ’;i?;
for i := 1 to NumTempl ateNames do
if operandl = Templatelist(.i.) then operitype := 't';
for i := 1 to NumScalarNames do :f operandl = ScalarList(.i.) then operltype :: ’§’;
if operitype = ' ' then begin
operltype : = 's*;
for i := 1 to length(operandl) do
if (operitype = 's8') and (operandlli) in [*-*,'0'..'9"])
then operitype := 'g’
el se operitype := '
end; (% if operltype then 1)
1f operttype = ' ' then
writeln (*ERROR ',operandi.,’ is pot an image, template, or scalar operand ERROR');
if operandi <> '?' then begin
write (Pfile,Indent);
AssignlintermedResult (operltype,operator, Result);
case operitype of
'i' : begin (% unary image operations %)
if operator = '}’ then
writeln (Pfile,’AbsvallImage (’,o0perandl,’,’,Result,’);?);
if operator = '-’ then begin
writeln (PFile,’Constlmage (', Result,
';',operandl,’.row,',operandl,’.col,-1);');
write (Pfile,Indent);
writeln (Pfile,’ImageMultiply (',operandl1,’,’',Regult,’,’,Result,"’);’);
end;
end; (% case unary image operations ¥)
*t’ : begin (% unary templ ate operations %)
if operator = '|' then
writeln (Pfile,’ Absval Temp (',operandl,’,’,Result,’);’);
if operator = '-* then
writeln (Pfile,’TempScalarMultiply (',operandl,’,-1,',Result,?);");
end; (% case unary templ ate operations %)
end; (% case operand type I)
end; (2 if operandl <> ? thenm %)
Assi gnResul ts (operandl,operand2,operator, Result,express, nodeptr);
end; (%2 procedure UnaryoOperation %)
.:'
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procedure [AParser (buffer : BufferStr; var express :@: Tree; .
N var nodeptr : iateger); Ny
’;:“:\)' (% parse the 1A expressions and build a binary tree of operands and operators 3) h

var i, j,hext : iateger;

letter : char; ,t

assi gnoper, absval fl ag, Endof Operand : bool ean; ‘e
begin (% procedure IAParser 3) -
absval flag := false; ;f
(% if an assignment exists it the expression, evaluate the right side 3) i
assi gnoper := false; -
if iodex(buffer,’:=') <> 0 >
then begin "
assi gnoper : = true; o+
1AParser(substr(buffer,i ndex(buffer,*:=")+2,length(dbuffer)-i adex(buffer,'::z")~1), B
express, nodeptr); _'

end (% then %) ”
el se begin nodecnt := 1; nodeptr := 1; end;

P 1 .
if assignoper = false then begin (% translate the 1A expression %) ~:
while i ¢ length(buffer) do bdegin ',
letter := buffer(i]; :"
next := i + 1; '

by

if (letter in ["3a’..70,’w.."2°,%0'..79']) or ':
((letter = *~’) and (buffer[next] in ('0°.."9’]})) ;:-

then begin (% image, template, scalar, or variable operand %) f\'
nodecat := nmodecat + 1; ::

if express(.nodeptr.).value = *° <

. then express(.nodeptr.).lchild := nodecnt o
el se express(.nodeptr.).rchild := nodecnat; ~:
express(.nodecnt.). parent := nodeptr; ::

J 1= pext; -
EndofOperand : = fal ge; :

while (j ¢ length(buffer)) and (EndofOperand = false) do Ry

if (buffer[j] in [’a’..°uw','w,.%2%,% _?,'0',..%9']) or
((buffer[j)=".’) and (buffer{j¢tl] in ('0'..'9°]))

thenp ) := j + 1

el se Endofoperand : = true;

express(.nodecnt.).vajue := gubstr(buffer,i,j-i);

Y RN

[ H

[y

express(.nodecnt.).lchild := 0;
express(.nodecnt.).rchild := 0;

-{ .I' -!

)

end; (% if image, template, scalar, or variable operand ¥)
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if letter = '{' thea begin (% start parentbesis %) :

.“A.::‘ nodecnt : = nodecnt + 1; ry,
R Y if express(.nodeptr.).value = *° +d
then express(.nodeptr.).lchild : = nodecnt >

el ge express(.nodeptr.).rchild :: nodecnt; ;.

L

express(.nodecnt. ). parent :: podeptr;

:H_.

nodeptr : =z nodecat;
[T T

end; (3% if start parenthesis 3)

N Ry

-~

if letter =z '}’ then begin (2 finish pareathesis %)
if express(.nodeptr.).parent <> 0

AT

then nodeptr ::= express(.nodeptr.).parent

el se begin ..’

aodecat : = nodecnt ¢ 1; K
express(.nodeptr.). parent : = nodecnt; R
express(.nodecnt.).lchild := nodeptr; ‘o
nodeptr : = nodecnt; :$
end; :J'
itz -
end; (8 if finish parenthesis %) v
i (lettser im ["(7 ) [°," 47,200, 0/0,7, 0,0 vh, b2, 000, 0=3,0¢,1>']) or ]
((letter = '-*) amd (buffer(next) ia [’a'..'u',"'w..'2',*(']))) (:
then begin (2 algedraic operator eacountered 3) :'.'
if express(.nodeptr.).value <> ** thea degin >
(% chained al gebraic operator encountered - get 2 sew Aode 2) '.

. nodecnat := sodecnt + 1;

it express(.nodeptr.).rchild <> 0 .
then begin (% chaiaed dinary operator encountered g) :-"

if express(.nodeptr.).parent <> 0 ‘r
then begin (3 chaimed operator in parentheses, alter pointers 2) :"

(% place the new node between the presenmt and parent node 3) *d
(%2 link the new node to the pregsent node's parent %) .
if express{.express(.unodeptr.).parent.).lchild = nodeptr '..

then express(.express(.nodeptr.).parent.).lchild : = podecat ;‘-

el se express(.cxpress(.nodeptr.).parent.).rchild :: nodecnt; ::
express(.nodecnt. ). parent : = express(.nodeptr.).parent; ':"

end; (% then alter pointers %) :'
(3 link the new node to the preseat node 3) =
express(.nodeptr.). parent : = nodecot; '::-
express(.nodecnt.).ichild :: nodeptr; :'-
end (% chained binary operator 8) '::

el se begin (% chained unary operator emcountered 3)
if express(.nodeptr.).value = *°

then express(.nodeptr.).lcbhild : = nodecnt

el se express(.nodeptr.).rchild :: nodecat;
express{.nodecnt.).parent :: aodeptr;

end, (% chained ubary operator 8)

~
)'1
.
Y
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(2 move to the aew node %)

‘s nodeptr : = nodecat;
»
\ﬁ‘ end; (% chaised algebraic operator encountered g)

(%2 place the operator into the empty node Xx)
if expreas(.nodeptr.).value = '* then bDegin
if (letter = *[*) or (letter = '(’)
tben begin
express(.nodeptr.).value : =z substr(buffer,i, 3);
i 2= 1 & 3; (% skip the operator charaters %)
end (3 i? letter then 3)
el se degin
if ((letter = 'x') and (buffer{next]) = *'2')) or
((letter in {*>%,°<¢*])) and (buffer{next) ioa [*=*,'>']))
thea begin
express(.nodeptr.).value := substr(boffer,i,2);

i1= 0 ¢ 25

end
el se begin
if absvalflag = false

then express(.nodeptr.).value := letter;

i =i ¢ 1; (2 skip the operator character %)
if (letter = ?!’) and (absvalflag = false)
then absvaiflag := true

el se absvalflag := false;
end; (% if letter else x)
end; (% if letter else %)
6 end; (% place operator into the empty node 3)
end; (% if algebraic operator x)

if letter = * ' then i := i + 1;
end; (% while i do %)
(% return to the top node x)

while express(.nodeptr.).parent <> 0 do

nodeptr : = express(.nodeptr,.).parent;
end; (% if assignoper falge X)

(% if assign operator exists, place it at the top of the tree 3)

if assignoper = true then begin

nodecnt : = nodecnt ¢+ 1;

express(.nodeptr.). parent :: nodecnt;

express(.nodecnt.).lchild : = nodeptr;

express(.nodecat.).value ::= *::=9;

nodeptr :: nodecnt;

nodecnt :: modecnt ¢ 1};

express(.sodeptr.).rchild : = modecat;

express(.nodecnt. ), parent := podeptr;

express(.nodecnt.).value :: substr(buffer,1,index(buaffer,’::")-1);

end; (% if assignoper then 3)

end; (% procedure I[AParser %)




Q
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2
\)
procedure I1ATransl ator (var express : Tree; nodeptr : integer); »":
&f.‘. (% translate the IA expressions by evaluating the dinary tree g) ::.f
- begin (2 IATranslator %) .
if express(.nodeptr.).lchild > o —
then IATransl ator(express,express(,.nodeptr.).lchil d); -":
if express(.nodeptr.).rchild <> 0 ':"'
then IATransl ator(express, express(.nodeptr.).rchild); v,
if express(.nodeptr.).value ¢> ** :;
then begin (t execute the operator g) 7 3
if ((express(.nodeptr.).l1child<>0) and (express(.nodeptr.).rchil d=0)) or w
((express(.nodeptr.).1chil d=0) and (express(.nodeptr.).rchil d¢>0)) f‘ t
then UnaryOperation (express, nodeptr); ':-J,
if (express(.nodeptr.).lchild <> 0) and (express(.nodeptr.).rchild <> 0) '.'_-F
then Bi naryoperation (express, nodeptr); :‘-
end (3 operator execution Xx) :
else if express{.nodeptr.).parent <> 0 then begin ’
(% remove an unnecessary pair of pareantheses %) :'..
if express(.express(.nodeptr.).parent.).ichild = nodeptr F‘.:
thee (% link the parent node’s left child to this node’s... %) ;\
if express(.nodeptr.).lchild <> 0 (’::
then begin (2 ...left child ) :
express(.express(.nodeptr.). parent.).)lchild := express(.nodeptr.).lchil gd;
express(.express(.nodeptr.).lchild.).parent := express(.nodeptr.),.parent; _:\
end -~
elase begin (% ...right child 1) ::"_
express(.express(.nodeptr.).parent,.).lchild := express(.nodeptr.).rchila; e
express(.express(.nodeptr.).rchild.).parent := express(.nodeptr.).parent; . '
. end;
if express(.express(.nodeptr.).parent.).rchild = nodeptr ,
then (%2 link the parent node’s right child to this node’s... %) '-::.
if express(.nodeptr.).lchild <> o ::
then begin (% ...left child %) ;::.;-
express(.express(.nodeptr.). parent.).rchild := express(.nodeptr.).lchil d; g
express(.express(.nodeptr.).lchild.).parent := express(.nodeptr.). parent; -
end )
else begin (% ...right child ¥) .;:
express(.express(.nodeptr.).parent.).rchild := express(.nodeptr.).rchil 4; -,\
express(.express(.nodeptr.).rchild.). parent := express(.nodeptr.).parent; ::::
end; ’
end; (% remove parentheses x) .
end; (% IATranslator %) 1"
o~ .h.
begin (2 main program Image_Al gebra_Preprocessor X) f.‘:-'
reset (input); i~
rewrite (output); \
A
o~
S
37
.
33
o 7
L] '\'\
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R
2
(% iatialize variables and set intermedi ate operands to false 3) "5
‘:& iRl.exist := false; iR2.exist := false; iR3.exist := falge; ;:-
. iRe.exist T false; iRS.exist := false; Lot
tRI.exist :=x false; tR2.exist := false; tRI.exiat := false; -
tRe.exint 1= falsge; tR3.exist :x falge; '
buffer := '*; &
(3 imitialize the lists of image, template, and scalar variables 1) & 'r
Imagelist(.1.) := *iR1’; ImageList(.2.) :=z *iR2'; f
ImageList(.3.) := 'iRY'; ImageList(.4.) := *iRa’; v
Imagelist(.5.) := *iRS’; L
Numl mageNames ::= 5; :
for i := NumimageNames+l to MaxNawmes do Imagelist(.i.) := '?; {':-:
Templ ateList(.1.) := "tR1'; TemplateList(.2.) := 'tR2’; C*)'_
Templ atelist(.3.) := "tR3'; TemplateList(.4.) := *iRA’; l.:f.
Temp) ateLlist(.5.) := *iRS’; s
NumTemp! ateNames : = S;
for i := NumTempl ateNames+l to MaxNames do Templ atelist(.i.) := *''; :\~.
ScalarList(.1.) := *'dotval’; Scalarlist(.2.) := 'minval’; .:::.
ScalarList(.3.) := 'maxval’; R
NumsScal arNames : = 3; ':.
for i := NumScal arNames+1 to MaxNames do ScalarList(.i.) := '%; :‘
(% retrieve an existing Image Al gebra file to be transl ated %) _':_
open(InFile,’translat.ia’, unknown); f:'_
reset (InFile) ; :_-
(% cbange all letters in the file to lower case; %) :-:
(% remove apy comments and blank lines from the file 3) 1-:"‘
. open(TmpFile,*transl) at. tap’, unknown);
rewrite (TmpFile); ‘~
writeln (° c..transl ating letters to lower case; removing comments '); ::-“'
readin (InFile,buffer); :-::
while (eof(InFile)=false) do begin :":\
(% remove comments from the line %) \:l'
while index(buffer,’(x’) <> 0 do begin
buffer :z ' * + buffer ¢+ * '; (% required for proper operation of substr %) ,p:
if index(buffer,’%)') <> 0 o~
then buffer := substr(buffer,1,index(buffer,’(2*)-1) + .'::
substr(buffer,index(buffer,’s)’)+2,length(buffer)-i ndex(buffer,’x)*)-1) :;\
el gse buffer :- substr(buffer,1,index(buffer,’(3x')-1); L.
end; (% while comment do %) -
(% remove trailing blanks %) (Ard
i 1= length(buffer); '\':
while (i > 1) and (buffer{i) ="' *) do i := i - 1; :.'
buffer := gubstr(buffer,1,i); '_\i
(% translate all letters to Jower case 2) ,-:.
for i := 1 to length(buffer) do
if ord(buffer(i)) im (65..90] then buffer(i] := chr(ord(buffer(i])+32); .:‘,_
-'I-
ad
-\‘--
>
&
_.", :‘_.
A \f
-
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, A
1 .-
”
o~
(% print non~bd! ank lines to TmpFile 3) -
/‘_‘_‘" if i > 1 then writeln (TmpFile,buffer); ':_ ;
'\J..' readln (IoFile,buffer); »
end; (% while pnot eof %) =
I
(% write the last lipe x) :z
writeln (TmpFile,buffer); ':
close (TmpFile); "’I
close (InFile); _:
L]
(% build the PASCAL file from 'transl at.tmp’ %) ':
open(inFile,’trausl at. tmp’, unknown); ¢
reset (InFile); :‘_
open(Pfile,’transl at. pas’, unknown); A i
rewrite (Pfile); 4
(2 find the program name if it exists z) -
readln (InFile,buffer); e
if (index(buffer,’const ’')=0) and (index(buffer,’'type ' )=0) and .
(i ndex(buffer,’var * )=0) and (index(buffer,’begin ')=0) "_-
then Name := buffer :-:
else Name := 'Unnamed'; '_:A
(% determi ne the data type of the image and tewpl ate operands x)
ImageType :z Defaul tlmage;
Templ ateType : = Defaul A Templ ate;
(% search the declarationm section %)
while index(buffer,’begin’) = 0 do begin
‘ readln (InFile,buffer);
i if index(buffer,’type ') <> 0 then N
(z tind the data type declarations if they exist X)

while ((iadex{(buffer,’const *) = 0) and (iandex(dbuffer,’®var * ) = 0) and W

(index(buffer,’begin’) = 0)) do begin e
(% determine the data type of the i mages and templ ates %) ‘:4:
if index(buffer,’itype’) <> O then begin
if index(buffer,’integer’) <> 0 then ImageType : = ’'jinteger’; :
if index(buffer,’real’ ) <> 0 thea ImageType := ‘real’; ‘-:
end; (% if itype then 3) ::::
1f index(buffer,’ttype’) <> 0 then begin N,
if index(buffer,’integer’) <> 0 then Templ ateType := 'integer'; o
if index(buffer,’'real’ ) ¢> 0 then TemplateType := *real’;
end; (% if ttype then x) :}.
readln (1nfFile,buffer); o
end; (% while not *const ’',’var ', or 'begin' %) ;\

.

end; (8 while not 'begin’' 3)

b
(% include the proper image algebra and input/output routines %)

if (ImageType = 'integer') and (Temp! ateType = 'integer') .'s
then writeln (Pfile,’(inherit(''iiaoper.env’'’,iio.env'?)]} ) "';‘\
elge writein (Pfile,’"{inherit(’’riaoper.env’'’',ri1o.env’'"’)) '), ’.r“

writeln (Pfile,’program *,Name,’ (input,output); ') ";
'f

.
A

Leoa ~
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writeln (° ..»processi ng user-defi ned types, coanstants, and variables’);
‘ﬁ: (x find and append any user defined constamts here )
¢ reset (InFile);
(% search the entire declaration section for constants 8)
readln (InFile,buffer);
while index(buffer,’begin’) = 0 do begin
readln (IaFile,buffer);
if index(dbuffer,’const ’) <> 0 then
(% process each additional constant declaration line 8)
while ((index(buffer,’type *) = 0) and (index(buffer,’var * ) = 0) and
(index(buffer,’'begin’) = 0)) do begin
(% strip the reserved word 'type’ from the bdbuffer 3)
if iadex{(buffer,’const ') <> 0O
then buffer := substr(buffer,index(buffer,'const ')e¢S,
length(buffer)-i ndex(buffer,’const ')~-4);
(% remove ajl blanks from the line %)
ol dbuffer := buffer;
buffer := ',
for i := 1 to length(ol dbuffer) do
if oldbuffer(i] <> ' * then buffer := buffer ¢ ol dbuffer{il];
(% write the const declaration as is and ensure each line ends with a ';' 3)
if index(buffer,’;') = O then writeln (Pfile,' const ', buffer,’;’)
el se writeln (Pfile,’ const ',buffer);
readln (InFile,buffer);
end; (% while not ’type’,’var’, or 'begin’, do %)
end; (% while not 'begin’ do 3)

(2 find and append any user defined types here )
‘ reset (InfFile);
(% search the entire declaration section for types %)
readln (InFile,buffer);
while index(buffer,’begin’') - 0 do begin
readla (InFile,buffer);
if index(buffer,’type *) <> 0 then
(% process each additional type declaration )line %)
while ((iandex(buffer,’const ') = 0) and (index(buffer,’var ' ) = 0) and
(i ndex(buffer,'begin’) = 0)) do begin
(% write the type declaration as is if it is not itype or ttype %)
Wf (index(buffer,’'itype’) = 0) and (index(buffer,’'ttype’) = 0) thenm begin
(% strip the reserved word 'type’ from the buffer s)
if index(buffer,’type *) <> 0 then
buffer : = substr(buffer,index(buffer,’'type ')e4,
length(buffer)-1ndex(buffer,’'type *')-3),;
(8 remove all bl aaks from the |ine %)
ol dbuffer :: buffer;
buffer ::= **;
for i := 1 to leagth(ol dbuffer) do
if oldbuffer(i] <> * * then buffer :: buffer ¢+ ol dbuffer(:];
if index(buffer,’;’) = 0 thes writeln (Pfile,’' type *',buffer,’';*)

el se writeln (Pfile,' type ',buffer),;
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end; (3 if type declaration %)

readlns (InFile,buffer);

end; (2 while not ’const ', *‘var ', or 'begin® do 3)
end; (3 while not ’'begin’ 2)

(3 find and append any user defined variables here 3)
reset (ImFile);
(% search the entire declaration section for vari ables 3)
readln (InFile,buffer);
while index(buffer,’begin’)=0 do begin
readia (l1oFile,buffer);
if ipdex(buffer,’var ') <> 0 then
(% process each additional constant declaratioa line 3)
while ((index(buffer,’const *) = 0) and (index(buffer,’type *) = 0) and
(i ndex(buffer,’'degin’) = 0)) do begin
(%2 strip the reserved word *va;' from the buffer 3x)
if index(buffer,’var ') <« o
then buffer ::= substr(buffer,:ndex(buffer,’var *)+3,
length(buffer)-i ndex(buffer,’var ')-2);
(% remove all Dbl anks from the line 3)
ol dbuffer := buffer;
buffer := *°*;
for i := 1 to length(ol dbuffer) do
if oldbuffer{i) <> * ' then buffer := buffer ¢+ ol dbuffer(i]);
(% write the variable declaration as is and ensure each line ends with a *;* 3)
if index(buffer,’;’') = 0 then writeln (Pfile,* var ’,duffer,’;"*)
else writeln (Pfile,’ var ’,buffer);
(% if the line contains any i mage, templ ate, or scalar declarations, 3)
(2 append these names to the appropriate name 1ist %)
if (index(buffer,’':image’ ) <> 0) or (index(buffer,’ image’ ) <> 0) or
(index(buffer,’:templ 1te’) <> 0) or (index(buffer,’ template’') <> 0) or
(i adex{(buffer,’:integer’ ) <> 9) or {(index(buffer,’ integer® ) <> 0) or
(i ndex(buffer,’:real’ ) <> 0) or (iwodex(buffer,’ real’ ) <> 0) then begin
(2 determine the type of variable declarations 3)
Decl aredType ::= subastr(buffer,index(buffer,’:’)+1,4);
(% extract the variable names from the buffer %)
i1z 15
while i < jindex(buffer,’:') do begin
doiz iy
while (buffer(j) <> *:') and (buffer[j) <> *,*) do j := ) + 1;
if (j-1) > 0 then begin
+f DeclaredType = 'imag’' then begin
Numl msageNames : - NumimageNames ¢ 1;
Imagelist(. Numi mageNames.) ::- substr(buffer,i,j -r);
end; (% if rmage declarations then %)
if DeclaredType = 'tewp' then begin
NumTempl ateNames : = NumTenpl atevames ¢ 1;
Templ atelist(. NumTempl ateNames.) : = substr(buffer,i,j-i);
end; (% if templ ate decl arations then 8)
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if (DeclaredType = 'inte’') or (DeclaredType = 'real') then begin
NumsScal arNames :: NumScal arNames + 1;
ScalarList(. NumScal arNames.) :z substr(buffer,i,j-i);
end; (2 if scalar declarations thee %)
ead; (% if j-i then 3)
[T T 2 W
end; (% while buffer(i) do %)
end; (3 if | mage, templ ate, or scalar declaration %)
readlin (InFile,duffer);
ead; (3 while mot ’conmst’,’type’, or 'begin’, do 8)
end; (% while not ’begin’ do 3)

(¢ translate the 1A file to PASCAL procedure calls 2)
(s find the begi nning of the executable code section %)
while index(buffer,’begin’)=0 do readln (InFile,buffer);

writeln (PFile,’ begin (% program ', Name,’ X) [
writein (Pfile,' vreset (imput); ')
writeln (Pfile,” rewrite (output); I H

(3 find and reposition any invariant templ ate definitions here 3)

while eof(InFile)=false do begin

while ((index(buffer,’invariant’)=0) or (index(buffer,’'template’)=0)) and
(eof(InFile)=false) do readln (InFile,buffer);

if (index(buffer,’invariant’') <> 0) and (index(buffer,’templ ate’) <> 0) then begin

(8 extract the indentation from the declaration iine %)
1adeat :=z '’;
i 1= 13
while buffer(i] = ' ' do begin Indent := Indent ¢ ' ?; i := i ¢+ 1; end;
(% extract the templ ate name from the declaration line 3x)
i 1= index(buffer,’template’) + 8;
while bufferfi]) ="' * do i := i » 1;
o=
while () < length(buffer)) amnd ( duffer(j] <> ' *) do j := j§j + 1;
TempName : = substr(bduffer,i,j-i+l);
(% read past the bdegin statement %)
readla (IpFile,bdbuffer);
(%2 read the first Jine of the template definition %)
readln (InFile,buffer);
J = 1
(8 process each additional line of the templ ate definition %)
while index(buffer,’'end’) = 0 do begin
(8% write the necessary declarations for each templ ate cell 3)
write (Pfile,Indent, TempName,'.cfg(.",j,"'.).r:=2%);
1f (index(buffer,’',c*)-~index(buffer,’(r*)~-1) > 2
then write (Pfile,gsubstr(buffer,index(buffer,'(r*)+2,
index(buffer,’,c’)-ipdex(buffer,’(r*')-2),';")
efse write (Pfile,* 0;°');

write (Pfile,’ ', TempName,’'. . cfg{(.’,j,".).c:z=");
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if (index(buffer,’)=')-index(buffer,’,c’)) > 2

.Eo. then write (Pfile,substr(buffer,index(buffer,’,c’)+2, v
> ipdex(buffer,’)=')-index(buffer,’,c’)~2),';") ’
else write (Pfile,’ 0;'); .
write (Pfile,' *,TempName,’.cf€(.'3J)".).w='); Y
o
S
if index(buffer,’;’) = 0 e
then writeln (Pfile,substr(buffer,index(buffer,’=")s1, .::
length(buffer)-index(buffer,’"=")),"';") .
else writeln (Pfile,substr(buffer,index(buffer,’=')¢1,
index(buffer,’;’)~index(buffer,’=')-1));
iz o+ 1 s
readin (Infile,buffer); \
end; (3 while 'end' do 3)
writeln (Pfile,Indent, TempName,’'.num := ', j-1,';"); —
end; (3 then invariant temp) ate definition %) K
end; (% while not eof %) :_;
-
(% find the beginning of the executable portion of the routine 3) S
reset (InFile); '::;
readln (InFile,buffer); :A
while index(buffer,’begin’) = 0 do readln (Infile,buffer);
"
(% read each line of the file and translate according!y %) .:
writeln (° ..+ Processi ng the executable statements’); .:4-
readin (InFile, buffer); \i
) while index(buffer,’end.’) = 0 do begin ;
. (2 if the 1ine doesn’t contain any PASCAL comtructs or explicit %)
(%2 IA procedures, then translate the IA expression to PASCAL x) -
if ((index(buffer,’and ' ) = 0) and _';s:
(i ndex(bdbuffer,’array’ ) = 0) and [
(index(buffer,’begin’ ) = 0) and :’_:\
(index(buffer,’'case * ) = 0) ana N
(i ndex(buffer,’const * ) = 0) and
(i ndex(buffer,’do ’ ) = 0) and 0
(index(bdbuffer,® downto °* ) = 0) and ).:
(index(buffer,’'else ’ ) = 0) and :}
(index(buffer,’end’ ) = 0) and o
(i odex(buffer,’for ' ) = 0) and S
(index(buffer,’function ’ ) = 0) anmd
(index(buffer,’if °* ) = 0) anad S
(index(buffer,'input’ ) = 0) and .-
(i ndex(buffer,’mod °* ) = 0) aad ':-:
(i adex(buffer,’not ' ) = 0) and :':
(i ndex(buffer,’of ° ) = 0) and “\
(i ndex(bdbuffer,’or °* ) = 0) aad >
(i ndex(buffer,’output’ ) = 0) anmd ~
(index(buffer,’'procedure * ) = 0) aand :‘-
(i ndex(buffer,’program * ) = 0) and ":-
(i ndex(buffer,’record * ) = 0) and :\
o
[ &
SRS e
-.._:'- \;
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S AN

(i odex(buffer,’'string’ ) = 0) and
"o (i adex(buffer,’then * ) = 0) anad
’# (i ndex(buffer,’type * ) = 0) and
- (i ndex(buffer,’to * ) = 0) and _
(index(buffer,’ until ' ) = 0) and E'_
(i ndex(buffer,’var ' ) = 0) asd -
(index(buffer, while ° ) = 0) and o
(i ndex(buffer,’with ) = 0) amd \::
(i ndex(buffer,’boolean’ ) = 0) and -f'
(i ndex(buffer,’byte’ ) = 0) amq
(i ndex(buffer,’char’ ) = 0) and T\.\
(i adex{buffer,’close’ ) = 0) and -‘:
(i ndex(buffer,’integer’ ) = 0) and ::‘-
(i ndex(buffer,'open * ) = 0) and :,:::
(index(buffer,’read’ ) = 0) and 'i-“‘
(i adex( buffer,’real’ ) = 0) andg e
(i ndex(buffer,’reset’ ) = 0) and "_'.:
(i ndex(buffer,’'rewrite’ ) = 0) and ..-:
(index(buffer,’text’ ) = 0) and ]
(i ndex(buffer,’true’ ) = 0) and :'
(index(buffer,’write’ ) = 0) and ":.
(i adex(buffer,’i mage’ ) = 0) and -
(i ndex(buffer,’configtemp’ ) = 0) and N
(index(buffer,’templ ate’ ) = 0)) r‘
then begin (3 translate the line from IA to PASCAL ¥%) 4’::-
(% initialize the indentation for the line %) ::-:\
indent ::= *¢; -:\_
i1z 13
. while bufferf{i) = ' * do begin e
indent := indent + ' '; ::-:
(I T 1 ":.4-
end; ro
!‘f
(% remove all blanks from the buffer %) A,
ol dbuffer : = buffer; g
buffer := **; -
for i := 1 to leagthd(ol dbuffer) do F-:':
if oldbuffer(i] <> ' *' then buffer := buffer + ol dbuffer(il; ::-:
(% delete the sem -colon from the end of the }ine 3) J\'b:
if index(buffer,’;') <> 0 then buffer : - substr(buffer,1,index(buffer,’;*)-1); :;-
(% translate parentheses to non-comment delim ters for writing to Pfile %)
ol dbuffer : = buffer; .\..
for i := 1 to length(ol dbuffer) do begin ‘F.:
if otdbuffer[i] = *(' then ol dbuffer{i) := '(’; '_5:.
if oldbuffer[i] = ')’ then ol dbuffer(i] := *)'; '
end; (% for i do 1) Y
(s priat the IA expression to PFile %) —
writeln (Pfile,Indent,’'(233%% *,0l dbuffer,’ 2223%)’); oS
(3 pad the string with one bl ank on the end %) .'_' 9
buffer: - buffer + * *; :.\‘
.'_\
D
\.\‘-
e A
ka B-20 R
- _.\,
!."
%




(% initialize the expression binary tree to nuil %)

SN, for i := 1 to MaxNode do begin
S
e Expresgion(.i.).value := '';

Expression(.i.).parent := 0;
Expression(.i.).lchild := 0;
Expression(.i.).rchild := 0}
ead;

(% evaluate the expreasion and translate the line from IA to PASCAL )

IAParser (buffer, Expression, nodeptr);
1ATransl ator (Expression, nodeptr);
end (% trans!ation from IA to PASCAL %)
el se begin (% PASCAL/IA construct or template defimtion %)
(3 translate parentheses to noo-comment delimters %)
for i := 1 to fength(buffer) do begin
if buffer(i) = *{’ then buffer(i]) := '(*;
if bufferfi) = ') thenm bufferf{i) := *)*;
end; (% for i do %)
if index(buffer,’variaat’) = 0
then begin (%X PASCAL/IA construct: write the line as is %)
write (Pfile,buffer);
(% ensure the lines end with 3 ';’ unless the buffer ends %)
(% with the reserved words ’begin’, 'do’, ’'then’, or ’else’ 32)
if (index(buffer,’;')=0) and
(index(buffer,’begin’)<>length(buffer)-4) and
(index(buffer,'do’)<>length(buffer)-1) and
(i ndex(buffer,’then’)<>length(buffer)-3) and
. (i ndex(buffer,’'elgse’)<>length{buffer)-3)
then writeln (Pfile,';’)
el se writeln (Pfile);
end (% PASCAL/IA comstruct %)
el se begin (% templ ate definition encountered - skip it %)
readln (InfFile,buffer);
while index(buffer,’end’) = 0 do readln (InFile,buffer);
end; (% else templ ate defindition 2)
end; (2 else PASCAL/IA construct or templ ate defimition %)
readln (1nFile,buffer);
end; (¥ while not EOF %)
writeln (Pfile,’ ead. (% program ’',Name,’ %)');
close (Pfile);

ead. (% procedure Image Algebra Preprocessor %)
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Appendix C: AFIT Input / Output Operations

{inherit(’'riaoper.env’), environment{’rioc.env’)]}
Module Real IA_IO_Operations (input,output);

procedure GetImage (var A '@ Image; FileName : NameStr},;
(* prompt and retrieve the requested image from disk ¥)
var 1,J : integer,;
row,col : real;
InFile : file of real;

begin (% procedure GetImage %)

if FileName = ’’ then begin

write (’'read image from file: ');

readln (FileName),

end; (% if FileName %)

if index(FileName,'.’) = 0

then FileName := FileName +
open(InFi.e,FileName,unknown);

reset (InFile) ;

{* read in the input array %)

read (InFile,row,col);

A.row := round{row);

A.col round(col});

for i 1 to A.row do

for j := 1 to A.col do read (InFile,A.gray(.i,J.));

'img’

. close (InFile);
end; (* procedure GetIlmage ¥)

procedure PutImage (A : Image; FileName : NameStr);
(* write the image to an external file %)
var i,J : integer;
OutFile : file of real;
begin (¥ procedure Putlmage %)
if index(FileName,’'.’) = O
then FileName := FileName + '.img’';
open(OutFile,FileName,unknown);
rewrite (OutFile);
write (OutFile,A.row,A.col);

for i := 1 to A.row do

for j := 1 to A.col do write (OutFile,A.gray(.i,).));
close (OutFile);
end; (% procedure Putlmage *)
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(L™

:f
"
procedure GetTemplate (var A : Template; FileName : NameStr); e
e (* prompt and retrieve the requested template from disk %} &
R var cnt : integer; :
rowoff,coloff,weight : real; :
InFile : file of real; A
begin (* procedure GetTemplate ¥) K
if FileName = '’ then begin -
write (’read template from file: '); N
readln (FileName); .
end; (¥ if FileName %) '
if index(F leName,’.') = 0 N
then FileName :z= FileName + ’'.tmp’; -
open(InFile,FileName,unknown); -
reset (InFile) ; RS
(¥* read in the input array ¥) R
cnt := 0; -
read (InFile,rowoff,coloff,weight); o
while (EOF(InFile)=false) do begin v
cnt := cnt + 1; N
A.cfg(.cnt.).r := round(rowoff); -
A.cfg(.cnt.).c := round(coloff); .
A.cfg(.cnt.).w := weight; )
read (InFile,rowoff,coloff,weight); -
end; (¥ while not EOF x) j~
A.num := cnt; 4
close (InFile); -
end; (¥ procedure GetTemplate %) 4
. procedure PutTemplate (A : Template; FileName : NameStr);
(* write the template to an external file x)
var i : integer;
OutFile : file of re=al;
begin (¥ procedure PutTemplate ¥)
if index(FileName,’.’) = 0
then FileName := FileName + '.tmp’; e
open(OutFile,FileName,unknown) ; o
rewrite (OutFile); N
for i := 1 to A.num do n
write {(OutFile,A.cfg(.i1.).r,A.cfg(.i.).c,A.cfgl(.1.).w); v
close (OutFile);
end; (*¥ procedure PutTemplate %) oS
end. (* Module Real_IA IO Operations %) o
]
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Appendix D: Automated Image Algebra Translator ;*
X :
RN A
$! Translate Image Algebra ~
. R
$! function - This command procedure translates an image -
$! processing function from its description in ~
$! the image algebra to an executable file. :i
$! Al
$! format - @TIA [filename] _
$! Y,
$ on error then exit :*
$ e
$ if pl .nes. "" then goto preprocess R’
$ inquire pl "image algebra routine to be translated
$
$ preprocess: Y
$ copy ’'pl’.ia translat.ia N
$ write sys$output "...preprocessing"” ;}
$ r preproc KN
$ .
$ write sys$output "...compiling”
$ pas translat.pas A
$ o
$ write sys$output "...linking" LS
$¢ link translat,iaoper,io g;
$
. $ copy translat.exe ’'pl’.exe
. $ write sys$output "...executable file built" A
$ oy
$ del translat.%;% -~
$ purge };
[y
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